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Iron-sulfur (Fe/S) clusters are essential cofactors required to perform unique 
functions in nitrogen fixation, respiration, metabolite catabolism, ribosome assembly, 
DNA repair, etc., through their redox-active characteristic, the ability to accept or donate 
an additional election. Biology has evolved intricate mechanisms to assemble and 
subsequently transfer the preformed Fe/S clusters to client proteins. Fe/S clusters are 
found in many of the cell’s subcompartments, but all of the clusters’ biogenesis begins in 
the mitochondria.  
The mitochondrial iron-sulfur biogenesis pathway (ISC) starts at the ISU complex 
with the removal of a sulfide from cysteine by a cysteine desulfurase. This sulfide is 
transferred to a scaffold protein where, with two irons and a reluctant, a  [2Fe-2S] cluster 
is made. This preformed cluster is transferred from the scaffold through a gludaredoxin to 
the ISA complex. The ISA complex, comprised of three proteins, Isa1, Isa2, and Iba57, 
receives two [2Fe-2S] clusters that are then condensed into a single [4Fe-4S] cluster. This 
preformed [4Fe-4S] cluster must then be transferred from the assembly complex to client 
proteins in a manner that does not expose it to oxidative damage.   
 The work in this dissertation focused on the biochemical characterization of Nfu1 
as the transfer protein for [4Fe-4S] clusters formed by the ISC pathway. Nfu1 was shown 
to genetically interact with Isa2 and physically interact with all members of the ISA 
complex. Additionally, physical interactions between Nfu1 and all of the [4Fe-4S] clients 
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in the yeast, Saccharomyces cerevisiae, were identified through proteomic studies. These 
studies went onto demonstrate the BolA family member Bol3 functions with Nfu1 in the 
cluster transfer process.  
 A follow-up study of Nfu1 sought to identify how it recognized client proteins for 
delivery of a [4Fe-4S] cluster. Using computational approaches identified a five amino 
acid motif, TIMNM. Sufficiency was demonstrated by creating an interaction between 
Nfu1 with a heterologous chimeric protein fused with the motif. Necessity was shown in 
both Sdh2 and aconitase client proteins with mutations to the motif of either client 
resulting in defects in enzymatic activity and a loss of interaction with Nfu1. Overall, 
these studies demonstrate that Nfu1 transfers [4Fe-4S] clusters to client proteins that are 
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Iron-sulfur clusters (Fe/S) are redox-active cofactors that are essential for almost 
all life forms. The breadth of mechanisms that Fe/S clusters are utilized for illustrates the 
pertinence of these cofactors in biology. In the nucleus, Fe/S clusters bound to DNA 
repair enzymes can sense damage by assessing the ability of an electron from a cluster to 
diffuse along DNA (Arnold et al., 2016). Within the mitochondria, the OXPHOS 
respiratory complexes utilize Fe/S clusters for the oxidation/reduction transfer of 
electrons through the respiratory complex (Melber and Winge, 2016). Clusters can 
perform a catalytic role in an array for nucleotide and amino acid biogenesis pathways 
throughout the cell. In an altruistic fashion Fe/S clusters can be consumed by enzymes 
like the radical S-adenosyl-L-methionine (SAM) protein lipoic acid synthase (LIAS), 
which releases sulfide ions from Fe/S clusters for the generation of lipoate (McLaughlin 
et al., 2016). The focus of this review will be on the mitochondrial iron-sulfur cluster 
biogenesis pathway (ISC) that generates [2Fe-2S], [4Fe-4S], and [3Fe-4S] clusters.  
 
1.2 Mitochondrial iron-sulfur clusters 
 Redox-active cofactors have the ability to donate or accept an electron to facilitate 
a unique set of chemistries that would otherwise be challenging for biology to perform. 
Given this redox modularity of Fe/S clusters, it is not surprising that they along with 
heme and copper atoms are found in abundance within the four OXPHOS respiratory 
chain complexes to transfer electrons through each complex. Respiratory complex I, 
NADH:ubiquinone oxidoreductase, contains eight Fe/S clusters, seven of which execute 
the transfer of electrons (Fiedorczuk et al., 2016; Zhu et al., 2016). It is worth noting that 
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the commonly used model organism Saccharomyces cerevisiae does not have a 
membrane bound complex I; instead yeast have small soluble NADH:ubiquinone 
oxidoreductases that do not pump protons and lack redox cofactors (Iwata et al., 2012; Li 
et al., 1996). Complex II, succinate dehydrogenase (SDH), contains three Fe/S clusters, a 
[2Fe-2S], a [4Fe-4S], and a [3Fe-4S] cluster, all within the Sdh2 (SdhB) subunit (Sun et 
al., 2005). Cytochrome bc1, complex III, contains just a [2Fe-2S] cluster that functions in 
concert with two heme cofactors (Iwata et al., 1998). Lastly, complex IV, cytochrome 
oxidase, does not contain any Fe/S clusters, but utilizes heme and copper for electron 
transfer (Tsukihara et al., 1995).  
 Fe/S cofactors are not only utilized by the electron transport chain in the 
mitochondria, many Fe/S clusters act in a catalytic capacity instead. The SAM radical 
enzyme lipoic acid synthase (LIAS, Lip5 in S. cerevisiae) contains two [4Fe-4S] clusters, 
one of which is consumed during the catalytic cycle to liberate two sulfides used for the 
generation of a lipoate moiety (McLaughlin et al., 2016). Another mitochondrial radical 
SAM protein is biotin synthase, Bio2, which requires a [2Fe-2S] cluster that is consumed 
to provide the sulfurs to biotin and a stable [4Fe-4S] cluster (Berkovitch et al., 2004; Tse 
Sum Bui et al., 2003). The TCA cycle enzyme aconitase binds a [4Fe-4S] cluster with 
three thiolate ligands such that the open Fe (II) can coordinate the citrate substrate for 
isomerization (Robbins and Stout, 1989). In fungi, the [4Fe-4S] hydratases Aco2 and 
Lys4 preform steps in lysine biosynthesis with a similar mechanism as aconitase (Fazius 
et al., 2012). Another mitochondrial enzyme that generates amino acids is the 
dihydroxyacid dehydratase, Ilv3, which requires a [2Fe-2S] cluster for its function in the 
branch chained amino acid biosynthetic pathway (Muhlenhoff et al., 2011). Glutamate 
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biosynthesis requires a Fe/S cluster, but it is unresolved whether the yeast glutamate 
synthase uses a [3Fe-4S] or a [4Fe-4S] cluster (Knaff et al., 1991; Miller and Stadtman, 
1972).  
 Lastly, the mitochondrial ferredoxin (Yah1 in yeast) requires a [2Fe-2S] cluster 
for its function providing electrons to various biosynthetic processes from NADH by the 
oxidoreductase, Arh1 (Manzella et al., 1998). Ferredoxin donates electrons to the heme a 
biosynthesis pathways through Cox15, coenzyme Q biogenesis via Coq6, and Fe/S 
cluster biogenesis via the scaffold ISU complex, which will be discussed in the next 
section (Barros et al., 2001; Barros et al., 2002; Lange et al., 2000; Ozeir et al., 2011; 
Pierrel et al., 2010). Given the array of pathways that ferredoxin contributes a reductant 
to, dysfunctional [2Fe-2S] cluster biogenesis cause exacerbated defects in other 
mitochondrial biosynthesis pathways. 
 
1.3 Mitochondrial iron-sulfur cluster biogenesis 
Three bacterial pathways have independently arisen to generate Fe/S clusters for 
unique needs of the cell. These pathways are the ISC, SUF, and NIF systems. These 
systems all function by the same general mechanism: cysteine desulfurases produce 
sulfide ions, scaffold complexes assemble a de novo cluster, and a transfer system traffics 
the clusters to client proteins (Roche et al., 2013). Eukaryotic mitochondria have adopted 
the ISC pathway from bacteria and integrated components of the NIF pathway for a 
single dedicated assembly pathway. The mitochondrial iron-sulfur cluster biogenesis 
pathway (ISC) not only contributes functional clusters to the mitochondria, but also 
provides an essential precursor to the cytosolic Fe/S assembly pathway (CIA).  
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This review will go into great detail about each component of the ISC pathway 
later, but the general scheme of the pathway is illustrated in Figure 1.1 and briefly 
described as follows. Within the ISU complex, iron and sulfide ions generated by a 
cysteine desulfurase enzyme are combined on a scaffold protein to form an initial [2Fe-
2S] cluster. The preformed Fe/S cluster is then released from the scaffold by chaperones 
to a glutaredoxin that mediates delivery to [2Fe-2S] client proteins or to a second 
complex (ISA complex) in which two [2Fe-2S] clusters are condensed into a single [4Fe-
4S] center, which is then transferred to mitochondrial [4Fe-4S] client proteins 
(Beilschmidt and Puccio, 2014; Rouault, 2015; Stehling et al., 2014).  A sulfur-
containing adduct requiring the function of the cysteine desulfurase and the scaffolding 
complex is extruded into the cytoplasm by the ABC transporter Atm1 (Kispal et al., 
1999). The identity of this S-compound remains to be elucidated, although several 
compounds have been proposed (Schaedler et al., 2014; Srinivasan et al., 2014). The 
cytosolic iron-sulfur cluster biogenesis pathway (CIA) that utilizes this S-compound has 
been reviewed to a great extent and will not be the focus of this review (Lill et al., 2015; 
Paul and Lill, 2015). The successful biogenesis of Fe/S clusters is dependent on ferrous 
iron, sulfur (from cysteine), a ferredoxin reductant, as well as NADH, ATP, and GTP 
(Pandey et al., 2015). 
  
1.4 [2Fe-2S] cluster assembly by the ISU complex 
  As mentioned, all cellular Fe/S clusters require the early steps of the ISC pathway 
within the mitochondria. This starts with the ISU complex. The ISU complex centers on 
the scaffolding protein Isu1 (a redundant scaffold protein exists in yeast, Isu2) on which 
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the initial cluster is built. This ISU complex utilizes six different components. The 
scaffold receives ferrous iron from an unknown source, the sulfide comes from the 
cysteine desulfurase, Nfs1, and the electrons come from the ferredoxin, Yah1 (Lange et 
al., 2000; Webert et al., 2014; Yan et al., 2015). The other components that surround the 
scaffold include the Nfs1 stabilizing proteins Isd11, Acp1, and frataxin, Yfh1 
(Schmucker et al., 2011; Shan et al., 2007; Van Vranken et al., 2016; Wiedemann et al., 
2006). A caveat to this ‘complex’ is that each component is likely not stably bound to 
Isu1 at the same time. This dynamic nature allows for different components to bind 
directly to the scaffold at the same interface, such as Yah1 and Nfs1 binding to Isu1 at an 
overlapping interface (Kim et al., 2013). Isu1 has been shown to be in substoichiometric 
ratios to the Nfs1/Isd11 BN-PAGE complex that was later shown to include Acp1 (Van 
Vranken et al., 2016; Wiedemann et al., 2006). Contrary to this, several groups have 
purified a stable Yfh1/Isd11/Nfs1/Isu1 complex (Colin et al., 2013; Schmucker et al., 
2011; Tsai and Barondeau, 2010).  
The Nfs1 cysteine desulfurase is a pyridoxial phosphate (PLP)-dependent enzyme 
that liberates sulfane from cysteine releasing alanine and forming a persulfide 
intermediate on a conserved cysteine of Nfs1 (Kaiser et al., 2000; Mühlenhoff et al., 
2004). The persulfide sulfane is transferred to the scaffold Isu1 protein and reduction of 
sulfane is required before its incorporation as sulfide ions with Fe(II) into the initial [2Fe-
2S] cluster (Parent et al., 2015; Smith et al., 2005; Urbina et al., 2001). This reduction is 
mediated by the mitochondrial ferredoxin, Yah1 (Cai et al., 2017; Lange et al., 2000; 
Webert et al., 2014). 
Nfs1 catalysis is the initial step for the biogenesis of all cellular Fe/S clusters, so 
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fittingly, evolution has generated several methods of regulation (Smith et al., 2001). One 
such method of regulation in eukaryotes comes from the LYR protein, Isd11, required for 
the structural stabilization of Nfs1 (Adam et al., 2006). In addition, Isd11 stimulates 
persulfide formation on Nfs1 (Adam et al., 2006; Pandey et al., 2012; Wiedemann et al., 
2006). Isd11, as with all LYR proteins, is found associated with the acyl carrier protein 
Acp1 (Huttlin et al., 2015; Van Vranken et al., 2016). Acp1 functions in mitochondrial 
fatty acid synthesis, yet has additional roles through its association with LYR proteins in 
the mitochondrial matrix. Fatty acid elongation occurs on a phosphopantheteine cofactor 
covalently bound to Acp1 and the interaction of Acp1 and two LYR proteins in Complex 
I reveals the Acp1 acyl chain is embedded within the three helical bundle of the LYR 
protein (Fiedorczuk et al., 2016; Wu et al., 2016). Many of the other LYR proteins are 
assembly factors for OXPHOS respiratory complexes (Angerer et al., 2014; Atkinson et 
al., 2011; Floyd et al., 2016; Na et al., 2014). This provides a potentially interesting 
regulatory mechanism that links the biogenesis of all cellular Fe/S clusters with the 
maturation of the respiratory complexes through fatty acid oxidation required to form the 
lipid that is covalently attached to Acp1. 
Another component of the ISU complex that serves to regulate Nfs1 is frataxin. 
Frataxin was identified as the causative gene of Freidriech’s Ataxia in patients and the 
deletion of the homologue in yeast, Yfh1, was originally described to result in 
mitochondrial iron accumulation (Babcock et al., 1997; Campuzano et al., 1996). 
Subsequently, frataxin was postulated to be the iron donor to the Isu1 scaffold in [2Fe-
2S] biogenesis because of the protein’s iron binding properties (Adamec et al., 2000; 
Kondapalli et al., 2008; Yoon and Cowan, 2003). However, when mutations were made 
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to the proposed iron binding ligands of frataxin, only modest defects were observed in 
Fe/S cluster formation (Correia et al., 2010; Foury et al., 2007). Furthermore, structural 
studies in bacterial systems have shown that the interaction of the frataxin, CyaY, with 
the bacteria ISU complex is independent of iron and frataxin oligomerization (an iron-
dependent phenomenon) and in fact, the prokaryotic frataxin directly binds with the 
bacterial desulfurase, IscS, not the scaffold, IscU (Prischi et al., 2010).  Lastly, a mutant 
of the Isu1 scaffold was identified to bypass the functional importance of Yfh1 in yeast 
(Yoon et al., 2014). Taken together, the iron chaperone role of frataxin has fallen out of 
favor for other potential roles of frataxin. A new iron donor has yet to be identified. 
New potential functions have suggested frataxin to be a regulatory protein for the 
ISU complex. One proposed method of regulation for frataxin is that it can stimulate 
binding of the substrate, cysteine, to Nfs1, thereby stimulating cysteine desulfurase 
activity (Fox et al., 2015; Pandey et al., 2013). An opposing model was reported showing 
that frataxin stimulates sulfide transfer from Nfs1 to Isu1 (Bridwell-Rabb et al., 2014; 
Parent et al., 2015). Further studies of these potential mechanisms using mutants that 
block iron binding and specific protein-protein interactions will hopefully resolve the true 
function of frataxin for the field.  
 
1.5 Transfer of [2Fe-2S] clusters from the Isu1 scaffold  
Once the ISU complex has completed synthesis of an initial [2Fe-2S] cluster, the 
cluster is released to the glutaredoxin, Grx5, by the DnaJ protein, Jac1, and the Hsp70 
chaperone, Ssq1. This cycle is dependent on the constant cycling of ATP on Ssq1 
facilitated by the ATP exchange factor Mge1 (Dutkiewicz et al., 2003). Isu1 is separated 
		 	 	
9	
from the rest of the complex by the initial binding of Jac1 (Majewska et al., 2013). 
Grx5/Ssq1 heterotrimer (two Grx5 molecules) binds the Jac1/Isu1 dimer, stimulating 
ATP hydrolysis, resulting in a structural change to Ssq1 that releases Jac1 and transfers 
the cluster from Isu1 to Grx5 (Kim et al., 2012; Uzarska et al., 2013). Cluster bound Grx5 
consists of a [2Fe-2S] cluster bridged between two Grx5 molecules. Each Grx5 molecule 
provides one cysteinyl ligand to the bridging [2Fe-2S] cluster, with a second thiolate 
ligand coming from a Grx5-bound glutathione (Johansson et al., 2011). It is clear that 
cells lacking Grx5 have defects in cytosolic Fe/S centers and mitochondrial [4Fe-4S] and 
[2Fe-2S] centers (Muhlenhoff et al., 2003; Rodriguez-Manzaneque et al., 2002; Uzarska 
et al., 2013). The functional importance of Grx5 is not entirely clear since all of these 
defects are modest relative to the deletion of upstream components in the ISC pathway 
that are not viable.  Deletion of the downstream Fe/S biogenesis components in the ISA 
complex results in viable cells that are defective in respiratory growth.  
Transfer of [2Fe-2S] clusters from Grx5 to the downstream ISA components has 
been demonstrated in which two [2Fe-2S] clusters are condensed, forming a single [4Fe-
4S] cluster (Banci et al., 2014; Brancaccio et al., 2014; Rodriguez-Manzaneque et al., 
2002; Shakamuri et al., 2012). The transfer of a [2Fe-2S] cluster to a eukaryotic 
mitochondrial [2Fe-2S] target protein has not yet been demonstrated, but [2Fe-2S] 
transfer from a cytosolic glutaredoxin to cytosolic Fe/S client has been shown with 
GLRX3 to the client proteins Aft2 and anamorisn (Banci et al., 2015b, Poor et al., 2014).  
While evidence supports a role for Grx5 as the predominant [2Fe-2S] transfer 
agent in the mitochondria, an alternative model was proposed (Maio and Rouault, 2015). 
This alternative model posits that mitochondrial [2Fe-2S] client proteins bind to the Jac1 
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and Ssq1 chaperones associated with the ISU complex and clusters are directly 
transferred to client proteins. The Fe/S-containing subunit (SdhB) of SDH was found to 
interact with Jac1 and the ISCU scaffold in mammalian cells (Maio et al., 2016; Maio et 
al., 2014). This 2014 study reported that Glrx5 (mammalian Grx5) was present with the 
chaperone/ISCU scaffold, but no mention was made of its relevance in cluster transfer. 
This second model is supported by yeast studies in which the overexpression of Ssq1 can 
suppress the growth phenotype of Grx5-deficient cells (Rodriguez-Manzaneque et al., 
2002).  Unfortunately this model has not suggested an alternative function for Grx5 
despite Grx5-deficient cells impairment in all mitochondrial and cytosolic Fe/S clusters 
tested to date.  
BolA proteins have been reported to associate with glutaredoxin proteins in 
prokaryotes and eukaryotes (Li and Outten, 2012). In the eukaryotic cytosol, two 
glutaredoxins, Grx3 and Grx4, interact with the BolA protein Bol2 (Fra2) in a [2Fe-2S] 
cluster bridged heterodimeric complex (Kumanovics et al., 2008; Li et al., 2012). Human 
homologues of this cytosolic glutaredoxin pair have been shown to mediate the in vitro 
transfer of [2Fe-2S] clusters to the client protein anamorisin (Banci et al., 2015a; Frey et 
al., 2016). Mitochondria contain two BolA proteins, Bol1 and Bol3 (Uzarska et al., 
2016). When the mutated mitochondrial BolA3 was identified in human patients with 
molecular defects in Fe/S centers, it was postulated that the BolA3 might function with 
Glrx5 (Cameron et al., 2011). However, recent studies revealed that the other 
mitochondrial BolA protein Bol1 interacted with Grx5 in yeast and in humans (Melber et 
al., 2016; Uzarska et al., 2016; Willems et al., 2013). Taken all together, it is likely that a 
Grx5/Bol1 heterodimer bridged by a [2Fe-2S] cluster is a transfer agent to at least some 
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clients within the mitochondria. How the Grx5/Bol1 and the Grx5/Grx5 dimers interplay 
with each other and with different fates of the bound [2Fe-2S] cluster (i.e. [2Fe-2S] 
clients or [4Fe-4S] biogenesis or export to CIA) is yet to be established.  
 
1.6 [4Fe-4S] cluster formation by the ISA complex 
Across the cell, [4Fe-4S] clusters are the most commonly used clusters; however, 
distinct machinery are necessary to generate these clusters in different subcellular 
compartments. As mentioned, within the mitochondria, conversion of [2Fe-2S] centers 
into [4Fe-4S] clusters requires the ISA complex in the mitochondrial matrix. In contrast, 
formation of nuclear and cytoplasmic [4Fe-4S] clusters requires a distinct cytosolic iron 
sulfur assembly pathway (CIA) that utilizes the substrate exported from the matrix by 
Atm1 (Kispal et al., 1999). Given that the ISA complex only produces [4Fe-4S] clusters 
for the mitochondria, cells lacking the ISA complex are only impaired in mitochondrial 
function, but not in cellular viability as these cells are able to export the sulfur-containing 
component required for cytoplasmic Fe/S biogenesis. The ISA complex is a hetero-
trimeric complex comprised of Isa1, Isa2, and Iba57 (Gelling et al., 2008; Muhlenhoff et 
al., 2011; Sheftel et al., 2012). Following successful transfer of two [2Fe-2S] clusters by 
Grx5, one to Isa1 and the other to Isa2, the clusters are condensed to a single [4Fe-4S] 
cluster (Brancaccio et al., 2014). A remaining challenge in mitochondrial [4Fe-4S] cluster 
biogenesis is to understand the role of Iba57 in the trimeric complex. Patients of multiple 
mitochondrial dysfunction syndromes (MMDS) present with functional defects in many 
mitochondrial Fe/S centers; recently, causative mutations were identified in the genes 
coding for Iba57 and Isca2 of the ISA complex (Ajit Bolar et al., 2013; Al-Hassnan et al., 
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2015; Lossos et al., 2015; Torraco et al., 2017).   
 
1.7 [4Fe-4S] cluster transfer  
MMDS patients have also been identified with mutations in the gene for NFU1 
(Ahting et al., 2015; Cameron et al., 2011; Invernizzi et al., 2014; Navarro-Sastre et al., 
2011; Nizon et al., 2014; Tonduti et al., 2015). Nfu1 has been characterized to bind [4Fe-
4S] clusters formed on the ISA complex and to transfer them to a host of client proteins 
present from yeast to human, including aconitase, Sdh2 (the Fe/S subunit SDH), and 
lipoic acid synthase (LIAS) (Cai et al., 2016; Melber et al., 2016). While patients present 
in a similar fashion whether the causative mutation is in genes coding the ISA complex or 
in the transfer machinery, the transfer machinery is only conditionally important to yeast. 
This is seen in the mild growth defects of Nfu1-deficient cells and when these cells are 
grown in anoxic conditions, they do not display defects in Fe/S centers, suggesting that 
transfer systems are in place to protect preformed clusters from oxidative damage en 
route to client proteins (Melber et al., 2016; Schilke et al., 1999).  
The other gene identified with causative mutations for MMDS was BOLA3, a 
family member of the BOLA family whose Bol1 family member functions upstream with 
Grx5 as discussed previously (Baker et al., 2014; Cameron et al., 2011; Haack et al., 
2013). Similar to the proposed [2Fe-2S] transfer system of Grx and BolA proteins, Nfu1 
functions with Bol3, but the role of Bol3 in late stage cluster transfer with Nfu1 remains 
unresolved (Melber et al., 2016; Uzarska et al., 2016). Potential functions could include 
facilitating release of the stable [4Fe-4S] cluster bound to Nfu1 or stabilizing the 
interaction with client proteins.  
		 	 	
13	
Another late step cluster transfer protein is Ind1, which was reported to facilitate 
[4Fe-4S] cluster transfer to the respiratory complex I, NADH dehydrogenase, which is 
not present in S. cerevisiae (Bych et al., 2008; Sheftel et al., 2009). Since Ind1 has been 
described as only important for Fe/S delivery to complex I, it is no surprise that patient 
mutations in Ind1 present differently that of MMDS patients (Calvo et al., 2010; Kevelam 
et al., 2013). It is not known whether Nfu1 collaborates with Ind1 in the assembly of 
complex I, but some of the MMDS patients with mutations in the NFU1 gene do present 
with defects in complex I (Ahting et al., 2015; Cameron et al., 2011; Navarro-Sastre et 
al., 2011).  
 
1.8 Unresolved questions of mitochondrial Fe/S biogenesis 
 In recent years, significant advancement in the mitochondrial Fe/S biogenesis 
pathway has been made; however, many questions remain unanswered. Within the 
assembly complexes, since the iron donor role of frataxin has been questioned, how the 
ISU complex receives Fe(II) remains unresolved. Could the mitochondrial iron 
transporters have a transient interaction with the ISU complex and directly provide Fe(II) 
ions to the ISU scaffold (Mühlenhoff et al., 2003)? Within the ISA complex, no function 
has yet to be assigned to Iba57. Brancaccio et al. showed that [4Fe-4S] cluster 
condensation could occur with just Isa1 and Isa2. This left Iba57 seemingly unimportant 
for cluster formation, so they suggested Iba57 was recruiting client proteins to the ISA 
complex. However, this is unlikely given the subsequent characterization of Nfu1. 
Furthermore, Iba57-deficient cells display a complete loss of function to [4Fe-4S] centers 
mimicking Isa1 and Isa2-deficient cells, whereas cells lacking the transfer proteins Nfu1 
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or Grx5 only exhibit partial defects in Fe/S centers.  Taken together, this suggests Iba57 
functions to facilitate [4Fe-4S] cluster formation with Isa1 and Isa2 in a manner that is 
not essential in vitro.  
The controversy surrounding the [2Fe-2S] cluster transfer system needs to be 
resolved in an unbiased manner directly showing transfer to bona fide [2Fe-2S] cluster 
clients in vitro and in vivo. With [2Fe-2S] transfer, the function of Bol1 with Grx5 
remains an enigma. Clearly, in vitro, a [2Fe-2S] bridged heterodimer of Bol1/Grx5 can 
exist, however, does this cluster-loaded species exist stably within the matrix, and what 
purpose does it serve? Additionally, the function of the other mitochondrial BolA protein, 
Bol3 with Nfu1 in [4Fe-4S] transfer remains in question. Recent in vitro studies of the 
transfer between Nfu1 and client proteins are being expanded to include Bol3 to develop 
a mechanistic understanding. With further insight to the BolA proteins, we will hopefully 
understand why the phenotypes of the BolA deletion strains are so mild compared to all 
other ISC components.  
Additionally, entire branches of Fe/S cluster biology potentially still exist 
awaiting discovery. While Atm1 has been characterized to export an undefined sulfide-
containing substrate for the CIA pathway, no additional protein partners have been 
described to mediate the transition of a [2Fe-2S] cluster to the sulfide compound. While 
an understanding of the basic biosynthesis for [2Fe-2S] and [4Fe-4S] clusters exists, no 
biosynthetic machinery has been described for [3Fe-4S] clusters. [3Fe-4S] clusters may 
potentially arise from oxidative damage to [4Fe-4S] clusters, but whether this mediates 
[3Fe-4S] cluster formation and transfer remains unclear. Certainly in times of high 
oxidative stress, the [4Fe-4S] cluster of aconitase (remember it only has three ligands) is 
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converted by oxidants to a [3Fe-4S] cluster (Flint et al., 1993). Might this be the 
mechanism by which SdhB creates a [3Fe-4S] cluster? Lastly, given that clusters can be 
damaged by oxidation, and even in homeostatic conditions the radical SAM Fe/S cluster 
proteins like LIAS consume a cluster during the enzyme’s catalytic cycle, what 
surveillance mechanisms exist in the matrix to identify damaged clusters and does 
machinery exist that can fix oxidized clusters (McLaughlin et al., 2016)? Or can known 
ISC components moonlight to act directly on damaged clusters? This is not a farfetched 
idea; repair systems do exist in E. coli utilizing a cysteine desulfurase from the isc 
operon, IscS (Djaman et al., 2004).  
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Figure 1.1 General overview of mitochondrial Fe/S cluster biogenesis.  
All clusters in the cell require the initial biogenesis by the ISU complex that generates a 
[2Fe-2S] cluster from iron and cysteine before transferring it through Grx5 to the ISA 
complex. The ISA complex condenses two [2Fe-2S] clusters to create a single [4Fe-4S] 
cluster for mitochondrial client proteins. A summary of each component is described in 




Table 1.1. List of mitochondrial Fe/S assembly components.  
The table includes all known mitochondrial assembly proteins and their function. 
 
 








ISCU Isu1/ Isu2 Scaffold protein for the assembly of the initial [2Fe-2S] cluster  
NFS1 Nfs1 Cysteine desulfurase, provides a sulfide by reducing cysteine to alanine, requires a PLP cofactor 
ISD11 Isd11 Stablizing binding partner of Nfs1 that activates persulfide formation 
ACPM Acp1 Binds and stablizes Isd11, potentially links Fe/S biogenesis to fatty acid biogensis 
FDX2 Yah1 Ferroredoxin, donates an electron to both Fe/S and heme biosynthesis pathways, contains a [2Fe-2S] cluster 
Frataxin Yfh1 Stimulates [2Fe-2S] formation on ISCU by activating sulfur transfer from Nfs1 to ISCU 
 HSPA9 Ssq1 Hsp70 protein that binds Grx5 during the transfer of the [2Fe-2S] from ISU  
GRPE1 Mge1 Nucleotide exchange factor that cycles ATP on Ssq1 for cluster transfer 
HSC20 Jac1 DNAJ protein that facilitates transfer of the preformed [2Fe-2S] cluster from Isu1 to Grx5 
GLRX5 Grx5 Glutaredoxin that transfers performed [2Fe-2S] clusters to client proteins in the mitochondria 
BOLA1 Bol1 Assists Grx5 in [2Fe-2S] cluster delivery 





ISCA1 Isa1 Binds a single [2Fe-2S] cluster to condense with the cluster from Isa2 
ISCA2 Isa2 Binds a single [2Fe-2S] cluster to condense with the cluster from Isa1 
IBA57 Iba57 Unknown function, but a component of the ISA complex required for [4Fe-4S] biogenesis.  
 Nfu1 Nfu1 Transfers [4Fe-4S] clusters from the ISA complex to client proteins to protect clusters from oxidative damage 
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Structure determination by cryo-electron microscopy has approached atomic resolution and
helped solve structures of large membrane-protein complexes that resisted crystallography. The
4.0 A˚ cryo-EM structure of one of the most intricate enzyme systems, the respirasome, in the
mitochondrial inner membrane is reported in this issue of Cell.
The 1.7 MDa respirasome complex is
a supercomplex consisting of OXPHOS
respiratory complexes I (NADH:ubiqui-
none oxidoreductase), III (cytochrome c
reductase) and IV (cytochrome c oxidase).
This polyprotein complex couples elec-
tron transfer from the oxidation of NADH
to proton pumping across the inner
membrane generating the proton gradient
used in ATP synthesis. Electron transfer
between the three respiratory complexes
is mediated by two mobile electron
carriers ubiquinone and cytochrome c
(Figure 1A).
The respirasome, designated as super-
complex SC(I + III2 + IV), consists of the 44
distinct subunits of Complex I (CI), the 22
subunits of dimeric Complex III (CIII), and
one Complex IV (CIV) unit of 14 subunits.
This represents only one of a myriad
of respiratory supercomplexes. This cur-
rent porcine heart respirasome structure
follows 5.4 A˚ structures reported this
past summer for porcine and ovine heart
SC(I + III2 + IV) complexes (Letts et al.,
2016; Gu et al., 2016). In addition, 3.9
and 4.2 A˚ structures of ovine and bovine
Complex I, respectively, were recently
reported (Fiedorczuk et al., 2016; Zhu
et al., 2016).
The enhanced resolution in the current
porcine heart SC(I + III2 + IV) reported by
Wu et al. in this issue of Cell leads to
a multitude of novel observations. First,
whereas crystal structures have been
available for bovine CIII and CIV since
the late 1990s, the porcine respirasome
and ovine CI 3.6 A˚ and 3.9 A˚ structures
reveal atomic resolution of all 45 subunits
of CI (Wu et al., 2016; Fiedorczuk et al.,
2016). Second, the previous low resolu-
tion 19–24 A˚ structures revealed promi-
nent gaps between complexes leading to
speculation that additional supercomplex
stabilizing factors may be present once
higher resolution structures were ob-
tained. In the atomic structures, it is clear
that the porcine SC(I + III2 + IV) lacks
any additional stabilizing proteins. Two
previously implicated SC stabilizing fac-
tors are COX7A2L and HIGD2. Although
COX7A2L can exist within SC(I + III2 +
IV), it is now known to primarily facilitate
the CIII-CIV interaction (Cogliati et al.,
2016; Pe´rez-Pe´rez et al., 2016). Different
isoforms of COX7A exist including
COX7A1, COX7A2, and COX7A2L. The
presence of COX7A2 isoform correlates
primarily with unassociated monomeric
CIV complex, whereas COX7A1-contain-
ing CIV species favor dimeric CIV com-
plexes (Cogliati et al., 2016). Replacement
of COX7A1 with COX7A2L (SCAFI) per-
mits assembly of the CIII-CIV heterocom-
plex and SC formation in some tissues
(Cogliati et al., 2016). The porcine respira-
some clearly lacks the COX7A2L isoform,
so additional work is needed to discern
the effects of CIV subunit remodeling
on respirasome function. The porcine
respirasome also lacks HIGD1 or HIGD2
factors implicated in SC stabilization
(Chen et al., 2012). The hypoxia-inducible
HIGD1a protein has been shown to be
a positive regulator of CIV (Hayashi
et al., 2015), so one type of CIV remodel-
ing may occur during stress conditions
such as hypoxia to enhance respiratory
function.
The high-resolution structures reveal
numerous cofactors important in CI sta-
bility and whose presence opens new
questions about regulation (Figure 1B).
All eight Fe-S clusters in the peripheral
arm of CI are observed as is the FMNmoi-
ety in the catalytic NDUFV1 subunit. One
question concerns the role of the N1a
Fe-S cluster that lies outside the main
electron transfer wire to the N2 cluster,
the terminal cofactor mediating reduction
of ubiquinone. In addition to the Fe-S co-
factors, the CI subunit NDUFS6 has a
structural Zn(II) (S3N1) site. Zn(II) thiolate
sites can function as redox switches
in that Zn(II) binding is lost by either
oxidation or nitrosylation of thiolates
from reactive oxygen or nitrogen oxide
species. Evidence on whether NDUFS6
is susceptible to nitrosylation is currently
lacking, but such a reaction may alter
electron transfer through the nearby N6a
and N5 Fe-S clusters. A novel cofactor
observed is a non-catalytic NADPH
bound to NDUFA9 in the peripheral arm
of CI and in close juxtaposition to the N2
Fe-S cluster near the ubiquinone site.
If NADPH association in NDUFA9 is in
dynamic exchange with the matrix milieu,
NADPH binding may contribute allosteric
regulation of CI. NADPH is critical for
maintaining reduced GSH and thiore-
doxin levels. Thus, CI function may be
redox modulated.
An intriguing aspect of the CI structure
is that two structural subunits are a repur-
posed protein, acyl carrrier protein (ACP),
which has a critical function in the mito-
chondrial synthesis of lipoic acid cofac-
tors used in the mitochondrial citric acid
cycle. Two ACP molecules, in complex
with two distinct leucine/tyrosine/arginine
motif (LYRM)-containing subunits, are
associated with the peripheral and mem-
brane arms of CI. Deletion of the CI pe-
ripheral arm LYRM subunit in Yarrowia
compromises CI function (Angerer et al.,
2014). The ACP-LYRM interaction is
mediated in part by the phosphopante-
theine cofactor on ACP and the acyl chain
appended to it. The decanoyl C10 fatty
acid chain on the cofactor is flipped out
and embedded within the three-helix




LYRM conformer. The ACP-acyl-LYRM
interaction at the distal end of the mem-
brane arm forms key contacts with CIII
to stabilize the respirasome. We have re-
ported recently that ACP with a bound
phosphopantetheine is also required for
the stability of Nfs1 cysteine desulfurase
and its LYRM partner Isd11 (Van Vranken
et al., 2016). ACP is implicated in an asso-
ciation with all mitochondrial LYRM pro-
teins, so the CI structures may provide a
structural basis for all ACP-LYRM interac-
tions. Taken together, ACP-acyl-LYRM
and the required phosphopantetheine
reveal a potential regulatory link between
mitochondrial fatty acid synthesis and
the respirasome function.
The respirasome structure reveals
other potential modes of regulation of its
function. Numerous OXPHOS complex
subunits are known to undergo phos-
phorylation, and one future challenge is
to deduce which phosphorylation sites
modulate function. In addition, numerous
subunits on the intermembrane space
Figure 1. Catalytic and Putative Regulatory
Mechanisms of the Respirasome
(A) The (I + III2 + IV) respirasome couples the
oxidation of NADH to reduction of molecular
oxygen. CI (outlined in blue) oxidizes NADH and
transfers two electrons through its FMN cofactor
and seven of its eight Fe-S clusters to reduce
ubiquinone (Q) to ubiquinol (QH2). The dimeric CIII
(outlined in green) oxidizes QH2 and transfers one
electron to cytochrome c via a heme and a Fe-S
cluster and the second electron is used to reduce
Q in the Q cycle of proton pumping. CIV (outlined
in red) receives four electrons from successive
cytochrome c transfers and electrons pass through
a binuclear copper A center, a heme a moiety to a
heterobimetallic copper B-heme a3 center for the 4
electron reduction of molecular oxygen. IMM is the
inner mitochondrial membrane, IMS is the inter-
membrane space andmatrix is the space enclosed
by the inner membrane.
(B) This side view of the respirasome highlights
additional CI cofactors. The ACP protein SDAP-b
and the corresponding LYRM protein, NDUFB22
(A, purple/dark purple) and ACP protein SDAP-a
and its corresponding LYRM protein, NDUFB14
(B, purple/magenta) are associated by a C:10
acyl chain on the phosphopantetheine (PPT)
cofactor of each ACP. These ACP-LYRM dimers
provide a potential regulatory link between
fatty acid biosynthesis and respiration. A NADPH
molecule bound to NDUFA9 (C, yellow) and zinc
ion bound to NDUFS6 (D, orange) may act as redox
sensors for CI function.
(C) The IMS view of the respirasome shows sub-
units in all three complexes that contain stabilizing
disulfide bonds. Redox changes in these subunits
may modulate the respirasome function. The di-
sulfide subunits include COX6B (E, red) in complex
CIV, UQCRH (F, green) in CIII, and CI subunits
in blue NDUFB7 (G), NDUFB10 (H), NDUFA11 (I),
NDUFS5 (J) and NDUFA8 (K).






exposed side of the respirasome contain
disulfide bonds likely introduced by the
MIA40 pathway (Figure 1C). Four disulfide
bonded twin Cx9C proteins in CI, and one
each in CIII and CIV subunits within the
respirasome create a potential regulatory
mechanism in which redox changes in
the IMSmay modulate respirasome activ-
ity. In addition, a key CI subunit NDUFA11
that mediates contacts with other CI sub-
units and CIII, contains a disulfide bond
within its transmembrane domain. It has
been recently demonstrated that yeast
cultured under fermentative conditions
experience a more highly reducing IMS
and twin Cx9C proteins, including the
CIV COX6B, are reduced and several are
retro-translocated out of the mitochon-
dria for proteosomal degradation (Bra-
goszewski et al., 2015).
For the first time the presence and
position of various lipids are evident and
lipids can be seen to mediate interaction
between subunits and complexes. Lipids
are prominent components of these
structures, yet it remains to be estab-
lished whether these lipids are merely
structural units or have regulatory roles.
Remodeling of cardiolipin via the tafazzin
transacylase may exert conformational
changes that alter respiratory activity. A
novel aspect of the respirasome structure
is the identification of at least two confor-
mational states. Movement of the CI ma-
trix arm with respect to CIII forms a tight
supercomplex state relative to a second
loose state. Conformational dynamics
may modulate the activity of the respira-
some as well as remodeling of respiratory
complexes.
In summary, the atomic level resolution
of the respirasome has revealed rich
new details that open new challenges for
further studies.
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Membrane trafficking from endosomes to the trans-Golgi network or the plasma membrane is
driven by the retromer complex. Through structural analysis of the cargo-bound complex, Lucas
et al. describe a mechanism by which endosomal membrane recruitment and cargo recognition
are integrated through cooperative interactions between retromer subunits.
Early maturing endosomes serve as
central sorting hub in eukaryotic cells
from which cargo molecules are directed
to three destinations: lysosomes via the
late endocytic pathway, the trans-Golgi
network via the retrograde pathway,
and the plasma membrane via the re-
cycling pathway. The retromer complex
is an evolutionarily conserved protein
assembly (reviewed in Seaman et al.,
2013) on early maturing endosomes
that recruits cargo for retrograde traf-
ficking and recycling. It functions in a
wide variety of physiological processes
including nutrient uptake, polarized traf-
ficking, lysosome biogenesis, growth
factor receptor signaling, development,
autophagy, response to infection, and
synaptic transmission. It is not surpris-
ing therefore that mutations in retro-
mer proteins are linked to pathologies,
including neurodegenerative disorders
such as Alzheimer’s and Parkinson’s
disease. New work by Lucas et al. looks
at the overall structure of the retromer
complex and offers insights into how it
recognizes and directs cargo.
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Abstract Iron-sulfur (Fe-S) clusters are essential for many cellular processes, ranging from
aerobic respiration, metabolite biosynthesis, ribosome assembly and DNA repair. Mutations in
NFU1 and BOLA3 have been linked to genetic diseases with defects in mitochondrial Fe-S centers.
Through genetic studies in yeast, we demonstrate that Nfu1 functions in a late step of [4Fe-4S]
cluster biogenesis that is of heightened importance during oxidative metabolism. Proteomic
studies revealed Nfu1 physical interacts with components of the ISA [4Fe-4S] assembly complex
and client proteins that need [4Fe-4S] clusters to function. Additional studies focused on the
mitochondrial BolA proteins, Bol1 and Bol3 (yeast homolog to human BOLA3), revealing that Bol1
functions earlier in Fe-S biogenesis with the monothiol glutaredoxin, Grx5, and Bol3 functions late
with Nfu1. Given these observations, we propose that Nfu1, assisted by Bol3, functions to facilitate




A severe syndrome characterized by the dysfunction of multiple mitochondrial enzymes has been
described for a series of patients with mutations in four mitochondrial proteins IBA57, ISCA2, NFU1
and BOLA3 (Seyda et al., 2001; Cameron et al., 2011; Navarro-Sastre et al., 2011; Ferrer-
Corte`s et al., 2013; Nizon et al., 2014; Baker et al., 2014; Debray et al., 2015; Lossos et al.,
2015; Al-Hassnan et al., 2015). Patients with this Multiple Mitochondria Dysfunctions Syndrome
(MMDS) are afflicted with lactic acidosis, nonketotic hyperglycinemia and infantile encephalopathy
typically leading to death in their first year of life. The syndrome is associated with an impairment of
lipoic acid-dependent 2-oxoacid dehydrogenases arising from defective lipoate synthesis and
defects in respiratory complexes I and II in select tissues including muscle and liver. These pheno-
types arise from defective iron-sulfur (Fe-S) cluster assembly within the mitochondria. The deficiency
in protein lipoylation is due to impaired activity of lipoic acid synthetase, which requires two [4Fe-4S]
cluster cofactors (Hiltunen et al., 2010). The hyperglycinemic phenotype arises from failed lipoyla-
tion of the glycine cleavage enzyme. Whereas IBA57 and ISCA2 are known components of the ISA
complex, along with ISCA1, which functions in the formation of [4Fe-4S] clusters within mitochondria
(Mu¨hlenhoff et al., 2011; Gelling et al., 2008; Sheftel et al., 2012), the functions of NFU1 and
BOLA3 in Fe-S cluster assembly remain an enigma.
Yeast cells lacking Nfu1 are partially compromised in mitochondrial [4Fe-4S] cluster formation, but
the defect is not as pronounced as in cells lacking components of the ISA complex (Isa1, Isa2 and





Iba57) (Navarro-Sastre et al., 2011; Schilke et al., 1999). As in patient cells with mutations in NFU1,
yeast nfu1D cells have diminished protein lipoylation levels (Navarro-Sastre et al., 2011). Humans
and yeast have two mitochondrial BolA proteins termed BolA1 (Bol1 in yeast) and BolA3 (Bol3 in yeast)
(Cameron et al., 2011; Willems et al., 2013), but little is known concerning their physiological func-
tion. The similarities of phenotypes in patients with MMDS mutations in NFU1 and BOLA3 suggest
that BOLA3 may likewise function in mitochondrial Fe-S biogenesis (Cameron et al., 2011).
Fe-S cluster synthesis within the mitochondria occurs on a scaffold complex and preformed clus-
ters are subsequently transferred to recipient proteins (Lill et al., 2012). The initial cluster formed is
a [2Fe-2S] cluster assembled on the ISU scaffold complex consisting of five proteins, Nfs1, Isd11,
Yfh1, Yah1 and Isu1 (or Isu2; yeast nomenclature) (Lill et al., 2012; Schmucker et al., 2011; Tsai and
Barondeau, 2010; Lange et al., 2000; Webert et al., 2014). The sulfide ions are provided by the
Nfs1 cysteine desulfurase, along with its effector proteins Isd11 and Yfh1 (Tsai and Barondeau,
2010; Lill and Mu¨hlenhoff, 2008; Gerber et al., 2003; Biederbick et al., 2006; Bridwell-
Rabb et al., 2014; Parent et al., 2015; Fox et al., 2015). Assembled [2Fe-2S] clusters on Isu1 are
transferred to the monothiol glutaredoxin Grx5 through the action of the Ssq1 ATPase and the DnaJ
protein Jac1 (Ciesielski et al., 2012; Majewska et al., 2013; Uzarska et al., 2013). Two [2Fe-2S]
clusters transferred by Grx5 are condensed into a [4Fe-4S] cluster on the downstream ISA complex
(Isa1, Isa2 and Iba57) prior to transfer to client proteins (Mu¨hlenhoff et al., 2011; Gelling et al.,
2008; Sheftel et al., 2012; Brancaccio et al., 2014).
Nfu1 has been implicated to function as a late Fe-S maturation factor in bacteria and fungi (Nav-
arro-Sastre et al., 2011; Bandyopadhyay et al., 2008; Py et al., 2012), an alternate scaffold pro-
tein for cluster synthesis (Cameron et al., 2011; Tong et al., 2003) or as a persulfide reductase
associated with the sulfide transfer (Liu et al., 2009). The lack of NfuA in Escherichia coli and Azoto-
bacter vinelandii is associated with decreased viability under stress conditions
(Bandyopadhyay et al., 2008; Py et al., 2012; Angelini et al., 2008). Nfu proteins from most spe-
cies are multidomain proteins. E. coli NfuA and human Nfu1 are two domain proteins with the C-ter-
minal domain containing the functionally important CxxC motif that is known to bind a [4Fe-4S]
cluster at a homodimer interface (Bandyopadhyay et al., 2008; Tong et al., 2003; Angelini et al.,
eLife digest Proteins perform almost all of the tasks necessary for cells to survive. Some of
these proteins need to contain collections of iron and sulfur ions known as iron-sulfur clusters to
work properly. The iron-sulfur clusters are first assembled from individual ions and then attached to
the correct target proteins. In humans, yeast and other eukaryotic cells, the first step of this process
happens in compartments called mitochondria and makes a cluster that contains two of each ion,
known as [2Fe-2S] clusters. These [2Fe-2S] clusters can either be directly incorporated into target
proteins, or they may be used to make larger iron-sulfur clusters – such as [4Fe-4S] clusters – in the
mitochondria or the main compartment of the cell (the cytoplasm).
Defects that affect the assembly of proteins with iron-sulfur clusters are associated with severe
diseases that affect metabolism, the nervous system and the blood. Mitochondria contain at least 17
proteins involved in making iron-sulfur proteins, but there may be others that have not yet been
identified. For example, a study on patients with a rare human genetic disease suggested that
proteins called BOLA3 and NFU1 might also play a role in this process.
Melber et al. used genetics to study how [4Fe-4S] clusters are assembled in the mitochondria of
yeast cells. The experiments show that the yeast equivalents of NFU1 and BOLA3 (known as Nfu1
and Bol3) act to incorporate completed [4Fe-4s] clusters into their target proteins. This process is
particularly important when iron-sulfur clusters are in high demand, such as when a cell needs to
produce a lot of energy. Melber et al. also showed that a protein called Bol1 – which is closely
related to Bol3 – is needed in an earlier stage of iron-sulfur cluster assembly.
The next steps following on from this work will be to look more closely at how Nfu1 and Bol3
deliver iron-sulfur clusters to the right target proteins. A future challenge will be to find out how
other types of iron-sulfur clusters are transferred to their target proteins.
DOI: 10.7554/eLife.15991.002





2008; Gao et al., 2013). The N-terminal domains differ between the E. coli and human proteins and
lack a related CxxC motif. Recombinant expression and purification of Azotobacter NfuA or human
Nfu1 did not result in Fe-S cluster bound to the purified protein, but in vitro Fe-S reconstitution stud-
ies followed by Mo¨ssbauer spectral studies demonstrated the presence of a [4Fe-4S] cluster
(Bandyopadhyay et al., 2008; Py et al., 2012; Tong et al., 2003; Angelini et al., 2008). Synecho-
cystis NifU was reported to bind a [2Fe-2S] cluster (Yabe et al., 2004; Nishio and Nakai, 2000), but
Mo¨ssbauer spectral studies were not done to validate the assignment. The ability of Nfu1 to bind a
[4Fe-4S] cluster supported the suggestions that Nfu1 was either an alternative scaffold protein
involved in Fe-S cluster formation or involved in a late cluster transfer step. The ability of bacterial
NfuA to transfer its cluster to apo-aconitase in vitro is consistent with a role in a late step of cluster
transfer (Bandyopadhyay et al., 2008; Angelini et al., 2008).
BolA proteins are also known to coordinate Fe-S clusters in conjunction with monothiol glutare-
doxins (Li and Outten, 2012). One of the three BolA proteins in Arabidopsis thaliana BolA1 was
shown to bind a [2Fe-2S] cluster in a complex with glutaredoxin (Grx) (Roret et al., 2014). The clus-
ter associated with the BolA:Grx complex is coordinated by two thiolate ligands, one from Grx and
the other from an associated glutathione, and two histidine ligands from BolA1. Likewise, the cyto-
solic BolA2 proteins of yeast and humans coordinate [2Fe-2S] clusters at the heterodimer interface
with monothiol glutaredoxins (Li and Outten, 2012; Li et al., 2012). Little is known about the physi-
ological function of mitochondrial BolA proteins, designated Bol1 and Bol3. BolA proteins are found
only in aerobic species (Willems et al., 2013). Depletion of the mitochondrial BolA1 in HeLa cells
caused an oxidative shift in the mitochondrial thiol/disulfide redox ratio (Willems et al., 2013).
We set out to define the functional steps of Nfu1 and two mitochondrial BolA proteins in yeast.
We report that Nfu1 and Bol3 function at a late step in the transfer of Fe-S clusters from the ISA
complex to mitochondrial client proteins as a protective measure for [4Fe-4S] clusters from oxidative
stress damage. In contrast to Bol3, the related mitochondrial Bol1 shows an interaction with Grx5
but not with the ISA complex or [4Fe-4S] client proteins.
Results
Nfu1 is associated with mitochondrial [4Fe-4S] cluster formation
S. cerevisiae cells lacking the mitochondrial Nfu1 protein (nfu1D cells) are markedly impaired in
growth on synthetic complete medium with acetate as a carbon source (Figure 1A). However, the
mutant cells display only a slight growth impairment on glycerol/lactate medium, suggesting a par-
tial respiratory growth defect that is exacerbated with acetate as the carbon source. It was previ-
ously reported that nfu1D cells exhibit specific but partial defects in the formation of [4Fe-4S]
clusters analogous to phenotypes seen in patients with mitochondrial dysfunction syndrome (Nav-
arro-Sastre et al., 2011; Schilke et al., 1999). We confirmed the defects in [4Fe-4S] client enzymes
reported for nfu1D cells showing that aconitase and succinate dehydrogenase (SDH) activities are
markedly impaired, yet residual activity persists (Figure 1B). Aconitase activity is markedly attenu-
ated in nfu1D yeast cells, whereas its activity is not significantly depleted in human nfu1 patients
(Cameron et al., 2011; Navarro-Sastre et al., 2011). No defect was observed in the yeast mutant
in respiratory complex III, cytochrome bc1, which requires a [2Fe-2S] cluster in its Rieske Rip1 subunit
or in cytochrome oxidase that requires a [2Fe-2S] cluster in Yah1 for heme a formation (Figure 1B).
Consistent with the known defects of nfu1D yeast cells and human nfu1 patients, lipoic acid (LA)
conjugates on pyruvate dehydrogenase (PDH) and oxoglutarate dehydrogenase (KDH) were attenu-
ated in nfu1D cells (Figure 1C) (Navarro-Sastre et al., 2011). As mentioned, lipoic acid formation is
dependent on the [4Fe-4S] lipoic acid synthase Lip5 (Hiltunen et al., 2010). Steady-state protein
analysis by SDS-PAGE showed diminished Sdh2 levels, the Fe-S subunit of SDH. Sdh2 contains three
distinct Fe-S clusters ([2Fe-2S], [4Fe-4S], and [3Fe-4S] clusters), which transfer electrons from the cat-
alytic Sdh1 subunit to ubiquinone. In the absence of Fe-S cluster insertion, Sdh2 stability is compro-
mised (Kim et al., 2012) (Figure 1C) In contrast, the aconitase protein stability is not dependent on
the presence of its [4Fe-4S] cluster (Gelling et al., 2008).
Two enzymes involved in yeast lysine biosynthesis Aco2 and Lys4 contain [4Fe-4S] clusters
(Fazius et al., 2012). Whereas yeast lacking the ISA complex are auxotrophic for lysine and accumu-
late homocitrate as a metabolic intermediate, nfu1D cells propagate normally in medium lacking lysine
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Figure 1. Nfu1 functions with both the ISA [4Fe-4S] assembly complex and [4Fe-4S] client proteins. Cells lacking Nfu1 exhibit defects in [4Fe-4S] cluster
enzymes in mitochondria. (A) Respiratory growth defects revealed by yeast drop-test. Cells harboring empty vectors (EV) or high-copy plasmids
expressing designated genes were pre-cultured in liquid synthetic complete (SC) glucose media lacking uracil. Serially diluted cells (10-fold) were
spotted on SC media plates at 30˚C. Grx5 is a monothiol glutaredoxin involved in mitochondrial Fe-S biogenesis. Isa1, Isa2 and Iba57 are subunits of
Figure 1 continued on next page





and do not accumulate homocitrate as shown by GC-MS metabolomic studies (data not shown). Thus,
sufficient [4Fe-4S] cluster synthesis and distribution occurs in nfu1D cells for lysine synthesis.
The growth defect of nfu1D yeast cells on acetate medium was severe, creating an opportunity to
conduct screening for genetic suppressors of the respiratory defect. In a screen using transformants
with a high-copy yeast DNA library, we isolated respiratory competent vector-borne clones of nfu1D
BY4741 cells containing NFU1, ISA2, and the YAP2 transcriptional activator. Each gene was recloned
into yeast vectors and nfu1D transformants of both BY4741 and W303 genetic backgrounds were ana-
lyzed for growth on acetate medium for respiratory function. Although Isa2 is a component of the
mitochondrial ISA heterotrimeric complex comprised of Isa1, Isa2 and Iba57, overexpression of Isa2
was the only ISA component capable of partially restoring respiratory growth of nfu1D cells on acetate
medium (Figure 1A). ISA2 transformants of nfu1D cells showed a partial restoration lipoylation of KDH
and SDH activity suggesting that the respiratory capacity of the mutant cells was partially restored by
elevated Isa2 levels (p value ~0.14) (Figure 1D and E). Thus, the respiratory function of Nfu1 can be
partially replaced by super-physiological levels of the Isa2 component of the ISA complex.
Nfu1 binds the ISA complex and [4Fe-4S] client proteins
An association of Nfu1 with the mitochondrial ISA complex was suggested by the observed suppres-
sion of the respiratory defect of nfu1D cells by ISA2 overexpression along with defects in [4Fe-4S]
mitochondrial enzymes. We tested if Nfu1 physically interacts with the ISA complex by co-immuno-
precipitation studies using a functional C-terminal Strep tagged chimera of Nfu1. Affinity purification
of Nfu1-Strep with Strep-Tactin beads showed co-purification of Isa1 and Isa2 (Figure 1F). In addi-
tion to the interaction with Isa1 and Isa2, Nfu1 associated with three [4Fe-4S] client proteins Aco1,
Aco2 and Lys4, but not the [2Fe-2S] client protein Rip1 (Figure 1G and H).
Nfu1 is necessary for protecting Fe-S clusters from oxidative damage
The partial respiratory function of nfu1D cells was also restored by overexpression of Yap2 or its
paralogue Yap1 (Figure 1A). Yap1 and Yap2 are transcriptional activators that induce the expression
of a battery of antioxidant genes, including thioredoxin, thioredoxin reductase and glutathione
reductase, in response to oxidative stress (Fernandes et al., 1997). To confirm that the suppression
of nfu1D cells by the YAP transcription factors was specifically due to a recovery of the [4Fe-4S] cen-
ters, we analyzed mitochondria from the transformants to test for restoration of lipoic acid conju-
gates of PDH and KDH and observed a clear restoration of LA-associated PDH (Figure 2A). The
identification of YAP1 and YAP2 as high copy suppressors of nfu1D cells suggested a role for Nfu1
during oxidative stress. Consistent with this postulate, the respiratory growth of nfu1D cells was par-
tially restored with the addition of the antioxidants, GSH and N-acetyl cysteine (NAC) to the growth
medium (Figure 2B). These results support a role for Nfu1 during oxidative metabolism.
Since Nfu1 is important under oxidative conditions, we tested whether Nfu1 is dispensable during
anoxic growth. WT and nfu1D cells were cultured to mid-log growth in normoxic or anoxic
Figure 1 continued
the ISA scaffold complex required for [4Fe-4S] cluster synthesis. Yap1 is a transcription factor that induces expression of anti-oxidant genes. Glu is 2%
glucose and Ace is 2% acetate. (B) The relative activity of aconitase, SDH, cytochrome bc1, cytochrome c oxidase (CcO), and malate dehydrogenase
(MDH) were measured in isolated mitochondria from cells cultured in SC media with 2% raffinose. Data are shown as mean ± SE (n = 3) (CcO, n = 4). (C)
Steady-state protein levels measured by SDS-PAGE followed by immunoblotting in isolated mitochondria. Anti-LA antibody is an antibody specific to
lipoic acid (LA) that is conjugated to proteins. PDH is pyruvate dehydrogenase and KDH is a-ketoglutarate dehydrogenase. Sdh2 is the Fe-S cluster
subunit of SDH. Aco1 is mitochondrial aconitase. Por1 is a mitochondrial loading control. (D) Restoration of LA moieties on PDH and KDH shown by
SDS-PAGE followed by immunoblotting in isolated mitochondria from nfu1D cells over-expressing ISA1 and ISA2. (E) Enzymatic activity of SDH in
mitochondria isolated from nfu1D cells over-expressing ISA1 and ISA2. Data are shown as mean ± SE (n = 3). (F) Strep-tag affinity purification of Nfu1-
Strep revealed the Nfu1 interaction with Isa1 and Isa2. Mitochondria were solubilized with 0.1% n-dodecyl maltoside (DDM). Clarified lysates were
incubated with Strep-Tactin superflow beads for 16 hr. After washing, proteins were eluted with 2.5 mM desthiobiotin, and then analyzed by
immunoblotting. (G) Strep-tag affinity purification of Nfu1-Strep in the presence of ectopically expressed Aco2-HA. Nfu1m-Strep is the G/T>H mutant
described in Figure 4. (H) Strep-tag affinity purification of Nfu1-Strep in the presence of ectopically expressed Lys4-HA. Lys4 and Aco2 are both nuclear
DNA-encoded mitochondrial proteins that require a [4Fe-4S] cluster for each function in the lysine biosynthetic pathway in yeast. Nfu1m-Strep is the G/
T>H mutant described in Figure 4.
DOI: 10.7554/eLife.15991.003





conditions. Mitochondria isolated from the cells were analyzed by steady-state protein analysis and
enzymatic function of various [4Fe-4S] cluster enzymes. As previously described normoxic nfu1D cells
exhibited the expected marked attenuation in SDH and aconitase activities and reduced lipoic acid
adducts; however, the anoxic cells did not exhibit a significant difference between WT and nfu1D
cells (Figure 2C and D). It should be noted that anoxic WT cells showed a marked reduction in mito-
chondrial enzymatic activities and steady-state protein levels compared to normoxic WT cells (~30%
of normoxia), yet anoxic nfu1D cells did not show a marked further attenuation in SDH and lipoic
acid conjugates. Thus, the cells are more dependent on Nfu1 during oxidative metabolism.
The NfuC domain of Nfu1 harbors a CxxC motif required for function
Nfu1 consists of two domains in addition to the N-terminal mitochondrial targeting sequence (MTS)
based on sequence homologies (Figure 3A). The N-terminal domain (NfuN, residues 22–126) is only
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Figure 2. Nfu1 has a heighted importance during times of oxidative stress and is expendable in anoxic conditions. Defects in cells lacking Nfu1 are
pronounced under oxidative stress conditions. (A) Steady-state levels of proteins in isolated mitochondria from nfu1D cells harboring high-copy NFU1
plasmids or YAP1 plasmids. (B) Yeast drop-test with 5 mM n-acetyl cysteine (NAC) and 2 mM glutathione (GSH). Gly/Lac is SC medium with 2% glycerol
and 2% lactate as carbon sources. (C) Steady-state levels of proteins in isolated mitochondria from cells cultured under normoxic conditions or
anaerobic conditions. (D) Relative activity of SDH and aconitase in mitochondria from panel C. Data are shown as mean ± SE (n = 3).
DOI: 10.7554/eLife.15991.004
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Figure 3. The CxxC motif of C-terminal domain of Nfu1 is essential for function. The CxxC motif is critical for Nfu1 function. (A) A schematic
representation of Nfu1 domains. MTS, the mitochondrial targeting sequence; NfuN, the N-terminal domain of Nfu1; NfuC, the C-terminal domain
harboring the highly conserved CxxC motif. The human NfuC tertiary structure (PDB: 2M5O) and primary sequences showing the CxxC motif (red) and
adjacent amino acids indicated in partial sequences (green). (B) The respiratory growth defect of nfu1D cells was rescued with NfuC. Nfu1, NfuN, and
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conserved within eukaryote species, while the C-terminal NifU-like domain (NfuC, residues 143–256)
is widely conserved in all species and contains the important the Fe-S binding CxxC motif
(Figure 3A). To test the functional importance of the two domains, both domains were separately
expressed in nfu1D cells with the endogenous MTS of Nfu1 (1–21) to ensure proper delivery to the
mitochondrial matrix.
Cells containing only the Nfu1 NfuC domain were capable of respiratory growth on either glyc-
erol/lactate or acetate medium (Figure 3B), whereas cells harboring only the Nfu1N domain failed
to propagate. Additionally, cells with the NfuC, but not the NfuN, domain showed normal Sdh2 and
lipoic acid levels. Although the NfuN domain failed to restore Nfu1 function, the fragment was well
expressed in cells, unlike the functional C-terminal domain that was markedly attenuated in protein
stability (Figure 3C). The functionality of the NfuC domain suggests that only minimal levels of Nfu1
are important for function. The NfuN domain exhibited a putative dimeric species, analogous to the
intact Nfu1 on the denaturing gels.
To further address the functional importance of the NfuC domain, we generated a series of amino
acid substitutions within and near the conserved CxxC motif to the full-length Nfu1 protein
(Figure 3A). One Nfu1 variant generated had the two cysteinyl residues in the CxxC motif
(highlighted in red in Figure 3A) replaced with alanines. Cells harboring Nfu1 with the two CxxC cys-
teinyl residues replaced by alanines exhibited a respiratory growth defect analogous to nfu1D cells
suggesting a loss-of-function phenotype (Figure 3D and E). The critical role of the CxxC motif cys-
teines was previously shown in the E. coli NfuA (Angelini et al., 2008).
A conserved glycine just upstream of the CxxC motif is commonly mutated to a cysteine in
patients with MMDS (Navarro-Sastre et al., 2011; Nizon et al., 2014). We generated amino acid
substitution of this Gly to Cys or His residues and replaced the conserved threonine between the
two Cys residues by a His. Each mutant of Nfu1 was expressed in nfu1D cells and tested for function.
The most striking substitution was the G>C mutant that mimics the MMDS1 patient allele, which dis-
played a severe synthetic sick phenotype on glycerol/lactate medium (Figure 3D). SDH biogenesis
was markedly decreased and in addition Rip1 levels were low suggesting a block in bc1 biogenesis
(Figures 3E and G, lane 5). This dominant negative phenotype was reversed when cells were plated
on medium containing 5-fluoroorotic acid (5-FOA) to shed the URA3-containing plasmid harboring
the G194C Nfu1 mutant (Figure 3—figure supplement 1). Thus, the synthetic phenotype did not
arise from mtDNA loss or any other irreversible pleiotropic defects. In addition, co-expression of a
wild-type Nfu1 with the G194C Nfu1 mutant failed to restore respiratory growth, demonstrating the
dominant negative nature of this mutant (Figure 3D, bottom panel).
Although nfu1D cells with the G194C mutant retained its mtDNA, mitochondrial translation was
likely impaired due to attenuated levels of the assembled F1F0 ATPase on BN-PAGE and Cox2
steady-state levels (Figure 3F). Although the assembled F1F0 ATPase complex is markedly dimin-
ished, the steady-state levels of Atp2 in the F1 sector are normal. Cells impaired in lipoic acid forma-
tion are deficient in tRNA processing by RNase P leading to attenuation in mitochondrial translation
(Schonauer et al., 2008; Hiltunen et al., 2009). Diminished mitochondrial translation of the bc1
cytochrome b subunit would account for the reduced Rip1 levels observed (Figure 3F and G). In
Figure 3 continued
NfuC were all fused with a C-terminal Strep-tag and expressed exogenously using low-copy plasmids. (C) Restoration of Nfu1 target proteins by NfuC
expression in nfu1D cells. (D) Respiratory growths of nfu1D cells that express Nfu1 sequence variants were tested. All variants were fused with a Strep-
tag and expressed on low-copy plasmids. (E) Steady-state levels of LA-conjugated proteins and Sdh2 in nfu1D cells that express Nfu1 variants. (F) BN-
PAGE and SDS-PAGE analysis of [4Fe-4S] cluster independent enzymes in the dominant negative backgrounds nfu1D + G>C and bol1/3D + H101C. (G)
Strep-tag purification of Nfu1 sequence variants as described in Figure 3B immunoblotting for [4Fe-4S] cluster client proteins Aco1 and Sdh2.
DOI: 10.7554/eLife.15991.005
The following figure supplements are available for figure 3:
Figure supplement 1. Yeast growth tests evaluating respiratory growth (Gly/Lac) of nfu1D + G>C cells following treatment with 5’-Fluoroorotic acid (5-
FOA) to show cells have not lost their mitochondrial DNA (rho-).
DOI: 10.7554/eLife.15991.006
Figure supplement 2. Affinity purification using Strep-Tactin to immobilize Strep tagged Nfu1 and the Nfu1 AxxA variant expressed ectopically in the
BY4743 background with a single copy of Lys4 chromosomally tagged with GFP.
DOI: 10.7554/eLife.15991.007
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Figure 4. The Mitochondrial Bol1 and Bol3 proteins function in Fe-S biogenesis. Bol1 and Bol3 play roles in Fe-S cluster biogenesis in mitochondria (A)
Partial sequences of yeast and human mitochondrial BolA proteins. Boxed are conserved motifs with proposed ISC ligands that were mutated in this
work. (B) Respiratory growth defects of bol1D cells, bol3D cells and bol1Dbol3D double mutants and complementation by plasmid-borne BOL1 or
BOL3. (C) Steady-state levels of LA-conjugated proteins and Sdh2 in cells lacking Bol1 and/or Bol3. (D) Relative activity of SDH, cytochrome bc1
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contrast to cells harboring the Nfu1 G194C patient mutation, nfu1D cells have normal F1F0 ATPase
levels on BN-PAGE and Cox2 steady-state levels suggesting that mitochondrial translation is normal
without Nfu1.
We tested whether the dominant negative effect arises from changes in interactions between Nfu1
and client proteins. We performed affinity purification of Nfu1-Strep on Strep-Tactin beads for the WT
and mutant alleles. The loss-of-function AxxANfu1mutant failed to show a detectable interaction with
Aco1 (Figure 3G, lane 8) and was impaired in its interaction with Lys4 (Figure 3—figure supplement
2). In contrast, the G194C Nfu1mutant exhibited an enhanced interaction with Aco1 (Figure 3G, lane
10). An interaction with Sdh2 is unclear, since Sdh2 levels are markedly depleted in G194C Nfu1 cells.
These data show the functional importance of the NfuC domain and its CxxC motif.
The two mitochondrial BolA proteins function in Fe-S protein
biogenesis
MMDS2 patients have been reported to have mutations in the mitochondrial BOLA3 protein
(Seyda et al., 2001; Cameron et al., 2011; Baker et al., 2014). The clinical phenotypes of patients
with mutations in NFU1 or BOLA3 were similar with neurological regression, infantile encephalopa-
thy and hyperglycinemia (Cameron et al., 2011; Navarro-Sastre et al., 2011). In addition, biochem-
ical defects in protein lipolyation and succinate dehydrogenase were observed.
Due to the clinical and biochemical similarities in mutant NFU1 or BOLA3 patients, we tested the
function of the yeast BOLA3 homolog, Bol3, and the related Bol1 protein (Figure 4A). In human
cells, BOLA1 and BOLA3 are known to be mitochondrial proteins (Willems et al., 2013). We con-
firmed that Bol1 and Bol3 are likewise localized within the mitochondria of yeast cells (data not
shown). Yeast devoid of either Bol1 or Bol3 lacks a clear respiratory phenotype, but a double
bol1Dbol3D null strain displayed a growth defect on acetate medium and to a lesser extent on glyc-
erol/lactate medium (Figure 4B). Mitochondria isolated from single mutants and the double null
mutant were used for biochemical characterization studies. As with nfu1D cells, protein lipoylation
was partially impaired in KDH in the bol3D null, but the defect in KDH lipoylation was enhanced in
the bol1Dbol3D null strain (Figure 4C). SDH and aconitase activities were depressed in the double
null strain, but not significantly changed in the individual single mutants (Figure 4D). The attenuation
of aconitase activity in both bol1Dbol3D null and nfu1D cells is in contrast to BOLA3 and NFU1
patient mutant cells. A modest attenuation was seen in bc1 activity in the bol1Dbol3D null strain, but
this was not observed in nfu1D cells.
Since the respiratory growth defect of nfu1D cells was partially suppressed by overexpression of
ISA2, we tested whether overexpression of a series of late mitochondrial Fe-S cluster assembly
genes would likewise rescue the respiratory defect of bol1Dbol3D cells. No growth restoration was
observed on acetate or glycerol/lactate media, and only minimal lipoylation of PDH and KDH was
observed in cells harboring elevated levels of Grx5, Isa1, and Isa2 (Figure 4E).
BolA proteins are implicated in binding Fe-S clusters. Whereas Nfu1 is known to bind a [4Fe-4S]
cluster at the homodimer interface, BolA proteins have been shown to bind [2Fe-2S] clusters in asso-
ciation with glutaredoxins as heterodimers (Li and Outten, 2012; Roret et al., 2014; Li et al.,
2012). We evaluated the roles of potential Fe-S cluster ligands in Bol1 and Bol3. Bol1 has conserved
His56 and His93 residues (Figure 4A), which in the case of Arabidopsis thaliana BolA1 the
Figure 4 continued
complex and aconitase were measured. Data are shown as mean ± SE (n=3). (E) Observation of LA moieties on PDH and KDH and Sdh2 steady-state
levels by SDS-PAGE followed by immunoblotting in isolated mitochondria from bol1/3D cells over-expressing the indicated Fe-S cluster gene. (F)
Respiratory function of Bol1 and Bol3 sequence variants in conserved residues were examined by yeast drop-test. All Bol1 variants were fused with a
C-terminal Strep-tag and expressed on low-copy plasmids. All Bol3 variants were fused with a N-terminal Strep-tag between the MTS and the
remainder of the protein and expressed on low-copy plasmids. (G and H) Steady-state levels of LA-conjugated proteins in cells lacking Bol1 and Bol3
with Bol1 variants (G) and Bol3 variants (H) exogenously expressed.
DOI: 10.7554/eLife.15991.008
The following figure supplement is available for figure 4:
Figure supplement 1. Yeast growth tests evaluating the viability of cells expressing mitochondrial Bol1 and Bol3 N-terminal ligands mutated to lysine
in the bol1/3D background.
DOI: 10.7554/eLife.15991.009





corresponding His residues are apparent ligands to a [2Fe-2S] cluster in association with a monothiol
glutaredoxin (Roret et al., 2014). Bol3 has conserved Cys64 and His101 residues in corresponding
loops to that of Bol1 and are expected to serve as ligands for a Fe-S cluster. We replaced the con-
served histidine residues with alanines or cysteines and tested phenotypic effects. We observed that
the C-terminal His in each BolA protein was important for the respiratory growth of cells (Figure 4F,
G and H). Whereas the H101A Bol3 mutant was non-functional, the variant containing a H101C substi-
tution exhibited a synthetic sick phenotype in that the respiratory growth on glycerol/lactate
medium was more impaired relative to the starting bol1Dbol3D null strain (Figure 4F and H lane 6).
The Bol3 C64A mutant was only a partial loss-of-function allele. In contrast, the Bol1 H93A or H93C
mutants exhibited similar loss-of-function phenotypes without any observed dominant negative
effects. The upstream Bol1 H56A mutant retains function, but the H56C allele was a partial loss of
function mutant (Figure 4F and G, lane 5).
Since substitutions in the upstream conserved His56 in Bol1 and Cys64 in Bol3 failed to yield a
significant phenotype, they may not contribute to a candidate FeS cluster binding. To confirm this
prediction, we converting the His56 in Bol1 and Cys64 in Bol3 to lysine residues to create electro-
static repulsion to a candidate FeS cluster Fe atom. Bol1 H56K and Bol3 C64K mutants did not exhibit
an enhanced phenotype (Figure 4—figure supplement 1) ruling out that they are important FeS
cluster ligands. Together, these data show a functional importance of Bol1 and Bol3 in mitochondrial
Fe-S cluster biogenesis and highlights the need for the C-terminal conserved His in each protein for
physiological function. Bol1 and Bol3, like Nfu1, are not essential for mitochondrial Fe-S protein bio-
genesis, as a bypass exists enabling limited respiratory growth on glycerol/lactate medium.
Nfu1 and Bol3 physically interact with [4Fe-4S] client mitochondrial
proteins
To glean further insights into the function of Nfu1, Bol1 and Bol3 in mitochondrial Fe-S cluster bio-
genesis, we performed proteomic analyses on affinity purified Nfu1, Bol1 and Bol3 proteins with
each expressed as Strep fusions. Purification of each protein was accomplished on Strep-Tactin resin
and protein eluates were analyzed by mass spectrometry. Multiple independent proteomic analyses
were conducted on WT proteins as well as mutant proteins of each (G/T>H Nfu1, H93C Bol1 and
H101C Bol3) (Figure 5A and B; Figure 5—source data 1). Of the mutant proteins, BolA3 H101C was
synthetic sick in the bol1Dbol3D null strain (Figure 4F); Nfu1 G/T>H mimicked the severe dominant
negative mutant, G194C found in patients, however the substitutions were less detrimental to growth
(Figure 3D); and the Bol1 H93C variant was a loss-of-function mutant without a dominant negative
characteristic (Figure 4F). Inspection of datasets of protein interactors revealed a common set of
[4Fe-4S] client proteins associating with both Nfu1 and Bol3. These include Aco1, Aco2, Lys4, Sdh2,
Lip5 and Bio2. For all client proteins except Sdh2, the observed total spectral count that was
markedly higher for clients purified with mutant Nfu1 and Bol3 variants (Figure 5A and Figure 5—
source data 1). Additionally, the mutant forms of Bol3 and Nfu1 both co-purified with the ISA com-
plex component, Isa2 (Figure 5B and Figure 5—source data 1). The physical interactions of Nfu1
with the clients, Aco1, Lys4, Aco2 and Sdh2, and with the ISA complex are consistent with the results
shown by affinity purification experiments followed by SDS-PAGE and immunoblotting (Figure 1F,G
and H). Two Bol3 pulldown studies revealed limited levels of copurified Nfu1, although we never
observed Bol3 in the pulldown of Nfu1 (Figure 5—source data 1).
Unlike Bol3, Bol1 purification did not lead to appreciable co-purification of [4Fe-4S] client pro-
teins, but Grx5 was isolated as a reproducible interactor with WT but not the loss-of-function H93C
Bol1 mutant (Figure 5B). Grx5 was a significantly less abundant interactor with Bol3 or Nfu1. Human
BOLA1 was previously shown to associate with Grx5 in HEK293 cells (Willems et al., 2013).
We conducted in vitro experiments to verify the observed selective interaction of Bol1 with Grx5
using human orthologs. Solution binding analyses were conducted using microscale thermophoresis,
which assesses molecular diffusion in a microscopic temperature gradient. Due to their higher stabil-
ity, we used the human proteins. Apo-GLRX5 or the holo-GLRX5 dimer containing the bridging [2Fe-
2S] cluster were incubated with either recombinant human BOLA1 or BOLA3 proteins for assessment
binding (Figure 5C and Figure 5—figure supplement 1). Holo-GLRX5 associated with BOLA1 with
a 50-fold greater affinity than with BOLA3, while similar affinities of apo-GLRX5 were observed for
the two human BOLA proteins. As a control, no significant interaction of the BOLA proteins with the
human [2Fe-2S] ferredoxin FDX2 was observed. Together, these results indicate a strong preference



































































































Figure 5. Proteomic analysis of Nfu1, Bol1 and Bol3 establishes function within mitochondrial Fe-S for Bol1 and Bol3. (A and B) Percentages of spectral
counts identified by MS proteomics. Percentages were calculated by the number of spectral counts identified for a denoted protein in an individual
Strep-tagged protein divided by the total number of spectral counts for that protein identified from all seven samples. Strep-tagged proteins were
expressed from low-copy plasmids in corresponding single deletion mutants. Samples were Strep-affinity purified as in Figure 3. Bol1m is the H93C
Figure 5 continued on next page





of BOLA1 for the holoform of GLRX5. We predict, based on the yeast Bol1 H93C mutant, that
BOLA1:GLRX5 interaction is mediated by a [2Fe-2S] cluster.
The Nfu1 and Bol3 proteomics experiments did not identify any novel mitochondrial [4Fe-4S] clus-
ter client proteins. Interestingly, the [2Fe-2S] enzyme dihydroxyacid dehydratase (Ilv3) was recovered
in multiple independent mass spectrometry analyses in Nfu1 and Bol3 samples. However, we were
unable to verify that interaction when using a FLAG-tagged Ilv3 chimera in the Nfu1-Strep affinity
capture (Figure 5D). Furthermore, enzymatic activity of Ilv3 was not altered in nfu1D cells (Figure 5—
figure supplement 2). Thus, Nfu1 does not appear to be important for the function of the [2Fe-2S]
Ilv3 enzyme.
We sought to address whether the binding of Nfu1 to a client protein was mediated through a
bridging [4Fe-4S] cluster. Aco1 binds its [4Fe-4S] cluster through a conserved CxxC motif and one
distant Cys residue in the primary sequence. We generated a double AxxA mutant and tested its
ability to associate with Nfu1-Strep. No difference in binding was observed between WT and the
AxxA Aco1 proteins with Nfu1 (Figure 5E).
Nfu1 and Bol3 function together in [4Fe-4S] cluster transfer from the
ISA complex to apo-client proteins
The distinct overlap of [4Fe-4S] client protein interactors between Bol3 and Nfu1 suggested a poten-
tial overlap or partnership in the function of the two proteins in late step [4Fe-4S] cluster transfer.
We tested whether a genetic linkage exists between the proteins by evaluating whether a synthetic
phenotype exists in cells lacking Bol1, Bol3 and Nfu1. The triple deletion cell (bol1Dbol3Dnfu1D, des-
ignated bDDnfu1D) exhibited a strong synergistic growth defect on glycerol/lactate medium
(Figure 6A). While the defects are too severe to see the synergism by protein lipolyation and Sdh2
steady-state levels, the enzymatic activities of SDH and aconitase do reflect a synergistic effect
(Figure 6B and C). In addition, the level of assembled F1F0 ATPase was markedly reduced in the tri-
ple mutant (Figure 6D). The severity of the phenotype and the impairment in F1F0 ATPase in the tri-
ple mutant likely arises from reduced mitochondrial translation likely through RNaseP, similar to the
dominant negative Nfu1 G>C mutant discussed above (Figure 3F). The growth defect of the triple
mutant can be partially rescued by re-expression of BOL1 or NFU1, but not by BOL3 (Figure 6E).
This may suggest that Bol3 requires Nfu1 for its function.
Affinity purification of Nfu1-Strep expressed in the bol1Dbol3Dnfu1D triple null mutant was car-
ried out to test the effect of loss of the two BolA proteins on the interaction of Nfu1 with [4Fe-4S] cli-
ent proteins. As can be seen in Figure 6F there was enhanced co-purification of Aco1 in the
absence of Bol1 and Bol3. Likewise, a similarly enhanced interaction between client proteins and
Nfu1 was apparent in cells lacking a functional ISA complex in isa2D cells (Figure 6G). These data
are consistent with a role of Nfu1 in [4Fe-4S] cluster transfer from the ISA complex to client proteins.
Given the strong genetic interaction between the mitochondrial BOLA genes and NFU1, we
attempted to substantiate the linkage. The proteomic results suggested an association of Bol1 and
Figure 5 continued
variant. Bol3m is the H101C variant. Nfu1m is the G/T>H variant. WT is wild-type BY4741 expressing an empty vector. All were fused with a C-terminal
Strep-tag. WT is BY4741 wild type harboring a low-copy empty plasmid. (C) Human GLRX5 or NFU1 were used in apo- and holo- form and mixed at
increasing concentrations with 200 nM fluorescently labelled BOLA1 or BOLA3. Microscale thermophoresis were performed and dissociation constants
(Kd) were determined. Error bars indicate the SD (n=3). (D) Strep-tag affinity purification of Nfu1-Strep in the presence of ectopically expressed Ilv3-
FLAG. (E) Affinity purification using Strep-Tactin agarose beads to purify Nfu1-Strep from an nfu1D background expressing either WT Aco1 or Aco1
AxxA mutant.
DOI: 10.7554/eLife.15991.010
The following source data and figure supplements are available for figure 5:
Source data 1. (Table 1) Spectral counts, unique peptides, and coverage of mitochondrial Fe-S client proteins, bait proteins, and Fe-S assembly
machinery identified by MS proteomics.
DOI: 10.7554/eLife.15991.011
Figure supplement 1. Interaction studies of human BOLA proteins with GLRX5.
DOI: 10.7554/eLife.15991.012
Figure supplement 2. Ilv3 activity assay using wild-type and nfu1D purified mitochondria along with wild-type overexpressing Ilv3 as a control.
DOI: 10.7554/eLife.15991.013
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Figure 6. Nfu1 and Bol3 function together in [4Fe-4S] delivery. (A) Exacerbated respiratory growth defects of bol1Dbol3Dnfu1D triple mutants
(designated bDDnfu1D) compared to nfu1D single mutants and bol1Dbol3D double mutants on non-fermentable carbon sources. (B) Steady-state levels
of LA-conjugated proteins and Sdh2 in the absence of Bol1, Bol3 or Nfu1. (C) Relative activity of SDH and aconitase in the absence of Bol1, Bol3 or
Nfu1. Data are shown as mean ± SE (n=3) (D) BN-PAGE and SDS-PAGE analysis of [4Fe-4S] cluster independent enzymes in the bDDnfu1D triple
Figure 6 continued on next page





Grx5, whereas Bol3 was associated with Nfu1 function. Mitochondrial BolA proteins are low abun-
dance molecules (Figure 6—figure supplement 1) making co-immunoprecipitation studies challeng-
ing. Because of this, we tested whether increasing the levels of candidate interacting proteins would
alter the abundance of Bol1 or Bol3. As can be seen in Figure 6H, the steady-state levels of Bol3,
but not Bol1, were dramatically increased in cells with elevated levels of Nfu1. Additionally, ISA1
and ISA2 overexpression resulted in a modest increase in Bol3, but not Bol1, protein levels. In con-
trast, Grx5 overexpression led to a marked enhancement in Bol1 levels without altering Bol3
(Figure 6H). In these studies Strep-chimeras of Bol1 and Bol3 were expressed from heterologous
promoters, so the changes in protein levels are likely occurring through post-transcriptional stabiliza-
tion. These stabilization experiments corroborate the genetic and proteomic experiments, all of
which suggest that Bol3 (BOLA3) functions with Nfu1 in [4Fe-4S] cluster transfer to client proteins
and Bol1 functions with Grx5 for a yet to be determined purpose.
Nfu1 exists as a steady-state homodimer lacking Bol3
Mitochondrial lysates were subjected to gel filtration studies to assess the extent of interaction
between Nfu1 and Bol3. Mitochondrial lysates prepared from either Nfu1-Strep or Bol3-Strep cells
were separately chromatographed and fractions were assayed for Nfu1 or Bol3. The bulk of Nfu1
eluted in fractions corresponding to a globular mass of ~47 kDa, consistent with a homo-dimeric
complex (Figure 7A). Nfu2 from Arabidopsis is a dimeric species both as an apo-protein and with a
[4Fe-4S] cluster (Gao et al., 2013). In contrast, Bol3 eluted predominantly in fractions corresponding
to a globular mass of 13 kDa consistent with a monomeric protein. No significant co-elution was
observed between Nfu1 and Bol3, indicating that any Nfu1/Bol3 interaction is transient in nature. An
additional set of chromatographic studies were done with mitochondrial lysates containing Nfu1-
Strep in which lysates were treated with either 0.1 mM DTT or 2 mM dithionite to assess whether
the apparent Nfu1 dimer was a disulfide-linked homo-dimer or a Fe-S cluster bridged complex
(Figure 7B). The abundance of Nfu1 in fraction 13 assessed by immunoblotting indicated that the
elution properties of Nfu1 were unaffected by preincubation with DTT (followed by alkylation of cys-
teines by Iodoacetamide), whereas treatment with dithionite attenuated the apparent dimeric com-
plex abundance. Fe-S clusters are susceptible of disassembly with dithionite treatment, suggesting
that a significant fraction of steady-state Nfu1 in WT yeast mitochondria may be Fe-S loaded. In sup-
port of this conclusion is the observation that the Nfu1 AxxA mutant fractionates predominantly as a
monomer.
If Nfu1 exists in a FeS-loaded conformer, the question arose whether [4Fe-4S]-Nfu1 serves as a
reservoir of [4Fe-4S] clusters for client proteins. We specifically focused on Lip5 that catalyzes forma-
tion of lipoic acid. In its catalytic cycle, one of its [4Fe-4S] clusters is consumed to provide two sulfur
atoms needed to generate lipoic acid (Cicchillo and Booker, 2005; Cicchillo et al., 2004). Thus,
[4Fe-4S] cluster regeneration is needed to support Lip5 catalysis and lipoic acid levels. To address a
role of Nfu1 in cluster regeneration in Lip5, we utilized cells containing a chromosomal NFS1 under
the control of GAL1 promoter enabling glucose-mediated repression of Nfs1 expression. The GAL-
NFS1 strain was transformed with an empty vector or a vector containing either NFU1 under the
control of the regulatable MET25 promoter, BOL3 or ACO1. If Nfu1 were a reservoir of [4Fe-4S]
clusters, we predicted that elevated levels of holo-Nfu1 would enable sufficient [4Fe-4S] cluster
transfer to Lip5 to support lipoic acid formation in cells depleted of Nfs1. Cells pre-cultured in galac-
tose were shifted to glucose-containing medium to repress NFS1 expression and mitochondrial
lysates were collected 8 hr later (Figure 7C). The lipoic acid level in pyruvate dehydrogenase was
Figure 6 continued
deletion mutant background. F1b is a subunit of ATP synthase. (E) Respiratory growth of bDDnfu1D triple mutants harboring plasmid-borne BOL1, BOL3
and NFU1, respectively. (F) Strep-tag purification of Nfu1-Strep in the absence of Bol1 and Bol3. (G) Strep-tag purification of Nfu1-Strep in the absence
of Isa2. (H) Steady-state levels of Bol1-Strep (upper panel) and Bol3-Strep (bottom panel) in response to overexpression of genes as indicated.
DOI: 10.7554/eLife.15991.014
The following figure supplement is available for figure 6:
Figure supplement 1. SDS-PAGE followed by immunoblotting to evaluate the different steady state levels of Nfu1-Strep, Bol1-Strep, and Bol3-Strep
while being expressed under the same heterologous MET25 promoter and CYC1 terminator.
DOI: 10.7554/eLife.15991.015





reduced, rather than maintained, in cells expressing elevated levels of Nfu1 (low 1x methionine cul-
tures) (Figure 7C, lane 8, top band), but unaffected in cells overexpressing Bol3 (lane 11). Overex-
pression of the aconitase mimicked the reduced lipoic acid levels seen with elevated Nfu1 (lane 12).
These results do not support a reservoir function of [4Fe-4S]-Nfu1 and suggest that elevated levels
of a [4Fe-4S] protein, e.g. [4Fe-4S] Nfu1, may negatively impair routing [4Fe-4S] transfer to Lip5 for
lipoic acid formation.
Discussion
A role of Nfu1 in Fe-S cluster biogenesis has long been implicated (Jacobson et al., 1989;

















1x 1x 1x 1x3x 5x 1x 1x 1x 1x3x 5x
NFU1 BOL3 ACO1EV























































Figure 7. Nfu1 exists as a dimer bridged by a Fe-S cluster. (A) Immunoblotting of fractions from nfu1D + Nfu1-Strep or bol3D + Bol3-Strep lysates
separated by size exclusion chromatography. Molecular weight standards [bovine serum albumin (BSA), carbonic anhydrase (CA) and cytochrome c] are
displayed above the corresponding fractions were used to create a standard curve to calculate apparent molecular weights. Fraction 13 has an
apparent molecular weight of 47.6 KDa and Fraction 26 has an apparent molecular weight of 13.2 kDa. (B) Immunoblotting of fraction 13 from nfu1D +
Nfu1-Strep lysates pretreated with nothing, 100 mM DTT followed by 200 mM iodoacetamide, or 2 mM dithionite followed by 200 mM iodoacetamide
were separated by size exclusion chromatography. (C) GAL-NFS1 shutdown was induced over 8 hr with over-expression of NFU1, BOL3, and ACO1 and
LA levels were observed by immunoblotting. Nfu1 protein levels were reduced with increasing amounts of methionine by utilizing a MET25 promoter is
repressed with excess methionine (1x = 0.6 mM methionine). (D) A working model of late stage mitochondrial iron-sulfur cluster biogenesis and
delivery. Two potential pathways of cluster transfer are shown in A and B.
DOI: 10.7554/eLife.15991.016





harboring mutations in NFU1, as well as BOLA3, exhibit biochemical abnormalities in a set of [4Fe-
4S] enzymes leading to speculation that Nfu1, and BolA3, function as a late Fe-S maturation factor
(Navarro-Sastre et al., 2011; Py et al., 2012) or that Nfu1 is an alternate Fe-S cluster synthesis scaf-
fold protein used for a subset of specific Fe-S client proteins (Cameron et al., 2011; Tong et al.,
2003). The phenotypic similarity between Nfu1 and BolA3 mutations suggests the two proteins func-
tion in a common step of the Fe-S protein maturation pathway.
We demonstrate in studies using yeast as a model system that the yeast orthologs of human
NFU1 and BOLA3 function in a late step of transfer of [4Fe-4S] clusters to specific client proteins.
Yeast lacking Nfu1 are partially deficient in the [4Fe-4S] enzymes aconitase, succinate dehydroge-
nase and lipoic acid synthase. The defect in lipoic acid synthase is highlighted by the pronounced
defect in protein lipoylation in mitochondria. The defect in yeast lacking Bol3 is modest, but is exac-
erbated in cells lacking both mitochondrial Bol3 and Bol1. The double null cells show related partial
defects in [4Fe-4S] enzymes aconitase, succinate dehydrogenase and lipoic acid synthase, although
the defects are not as pronounced as in nfu1D cells. Yeast lacking all three proteins Nfu1, Bol1 and
Bol3 show an exaggerated phenotype approaching the defect seen in cells lacking the ISA complex
required for [4Fe-4S] cluster synthesis. Clearly, nfu1D cells do not exhibit any defects in enzymes
dependent on [2Fe-2S] centers, suggesting that Nfu1 functions in the [4Fe-4S] cluster transfer
pathway.
Our systematic approach to identify endogenous binding partners of Nfu1, Bol1 and Bol3
revealed the step in Fe-S cluster biogenesis in which they function. Affinity purification of Nful1 cou-
pled with mass spectrometry led to the identification of [4Fe-4S] client proteins as physically associ-
ating proteins of Nfu1. It is of interest that the G194C Nfu1 variant exhibiting a partial dominant
negative effect showed enhanced interaction with the same client proteins. This yeast mutant mimics
the known G208C patient mutation in human NFU1 that causes MMSD. Recombinant Nfu1 has been
shown to bind a [4Fe-4S] cluster and 55Fe in vivo labeling studies showed a strong increase in 55Fe
binding by the patient mimic G194C Nfu1 yeast variant (Navarro-Sastre et al., 2011). Moreover, it is
also noteworthy that Gly194 is in juxtaposition to the CxxC motif, which has been shown to bind
Fe-S clusters. Therefore, it is plausible that the dominant negative effect of the G194C Nfu1 variant
may result from the inefficient release of [4Fe-4S] clusters from the Nfu1 variant to client proteins.
The dramatic phenotype of cells harboring G194C Nfu1 is likely due to secondary effects of
impaired lipoic acid formation. As mentioned, yeast lacking enzymes involved in octanoic acid for-
mation or lipoic acid synthase are deficient in tRNA processing by RNase P leading to attenuation in
mitochondrial translation (Schonauer et al., 2008; Hiltunen et al., 2009). Consistent with impaired
RNase P function, G194C Nfu1 cells are markedly attenuated in levels of the F1F0 ATPase and Cox2
steady-state levels. In contrast, the RNase P function is normal in either nfu1D cells or bol1Dbol3D
cells based on normal F1F0 ATPase assembled complexes.
The physical interactions of Nfu1 with Isa1 and Isa2 corroborate our model that Nfu1 functions in
[4Fe-4S] cluster transfer to client proteins. Interestingly, we isolated Isa2 as a suppressor of the respi-
ratory defect of nfu1D cells. Whereas the condensation of two [2Fe-2S] to form a single [4Fe-4S] clus-
ter requires the participation of Isa1, Isa2 and Iba57, Isa2 is capable of forming homo-dimers that
may exert a limited transfer function as proposed for Nfu1.
The same [4Fe-4S] client proteins were pulled down in affinity purification of Bol3, but not Bol1,
compared to proteins interacting with Nfu1. In the case of Bol3, the dominant negative H101C Bol3
variant also showed enhanced interactions with [4Fe-4S] client proteins. The dominant negative phe-
notype of the H101C Bol3 mutant (putative Fe-S ligand) but only loss of function phenotype for the
H101A mutant is consistent with a model that Bol3 His101 participates in Fe-S cluster transfer.
The partial deficiency of [4Fe-4S] enzyme activities in nfu1D cells suggests that the function of
Nfu1 may be conditionally important in [4Fe-4S] cluster transfer and that a bypass mechanism exists
in yeast. We demonstrate that Nfu1 in yeast has a heightened importance in cells undergoing oxida-
tive metabolism as opposed to anoxic metabolism. In addition, nfu1D cell growth defect is partially
suppressed with supplemental GSH in the growth medium. Identification of the Yap1 and Yap2,
transcription factors that are important for oxidative stress tolerance, as high copy suppressors
emphasized the importance of Nfu1 during oxidative metabolism.
One curiosity is that human patients with mutations in NFU1 or BOLA3 lack defects in mitochon-
drial aconitase, whereas the yeast mutants, nfu1D and the double bol1D bol3D, exhibit a partial aco-
nitase defect. There are two implications of this result. First, Nfu1 may exhibit different client





selectivity in the actual transfer of [4Fe-4S] clusters. Although Nfu1 binds many [4Fe-4S] client pro-
teins, it may facilitate cluster transfer to select clients and this may differ between human and yeast
cells as in the case of aconitase. This postulate is supported by the observed role for Nfu1 in Aco1
and Lip5 activation, but not the function of Aco2 and Lys4. Second, since the partial respiratory func-
tion persists in nfu1D cells, Nfu1 may facilitate cluster transfer in oxidative growth conditions and this
may differ between yeast and human cells.
One dramatic phenotype in human and yeast Nfu1 mutant cells is impaired protein lipoylation.
Yeast and human cells require lipoylation on E2 subunits of pyruvate dehydrogenase, 2-oxoglutarate
dehydrogenase and the glycine cleavage enzyme complex. In addition, the human branched chain
2-oxoacid dehydrogenase requires lipoylation for function. Lip5 catalyzing formation of the lipoate
coenzyme binds two [4Fe-4S] clusters, one of which serves as the sulfur donor for lipoic acid forma-
tion in a radical S-adenosylmethionine dependent reaction (Cicchillo and Booker, 2005;
Cicchillo et al., 2004). Two sulfide ions from this auxiliary cluster are used for formation of lipoate
resulting in disassembly of the cluster. Each catalytic cycle of the enzyme requires repair or replace-
ment of the auxiliary cluster (Cronan, 2014). Nfu1 may have a specialized role in cluster repair in
lipoic acid synthase or alternatively provides a [4Fe-4S] replacement.
For most [4Fe-4S] client proteins, Nfu1 appears to have evolved to shield its [4Fe-4S] cluster from
endogenous oxidants during the cluster transfer step. Oxidants are generated by 2-oxoacid dehy-
drogenases (Boutigny et al., 2013), so Nfu1-mediated cluster transfer may be critical to ensure
intact [4Fe-4S] insertion. Nfu1 may also serve as a chaperone of apo-client protein, preventing their
aggregation in the absence of a bound Fe-S cluster. Additional studies are necessary to define these
candidate roles.
Bol3, but not Bol1, was found to associate with [4Fe-4S] client proteins, whereas Bol1 reproduc-
ibly associated with Grx5 both in in vivo and in vitro studies. BolA:glutaredoxin complexes reported
to date only bind [2Fe-2S] clusters (Li and Outten, 2012). Thus, Bol1 is anticipated to function with
Grx5 in a [2Fe-2S] cluster step, whereas Bol3 is likely to function, independent of Grx5, in a Nfu1-
mediated [4Fe-4S] cluster step. These studies suggest that Bol1 and Bol3 have specialized functions
within the same pathway, such that cells lacking both Bol1 and Bol3 have a synthetic defect.
In summary, the present work suggests that Nfu1 has a significant role in a late step transfer of
[4Fe-4S] clusters to select client proteins. Nfu1 binds the client proteins independent of the ISA com-
plex and its association with the ISA complex may serve to recruit apo-clients to the ISA complex
where [4Fe-4S] clusters are formed (Figure 7D). Some [4Fe-4S] client proteins may get their [4Fe-4S]
cluster directly from the ISA complex, whereas others may derive their clusters after prior transfer of
a [4Fe-4S] cluster to Nfu1. In these cases Nfu1 facilitates the process as an adapter protein in oxida-
tively growing cells. Additional work is required to discern the client selectivity in [4Fe-4S] cluster
transfer by Nfu1. This model of eukaryotic Nfu1 function resembles the role of the E. coli Nfu1 ortho-
log NfuA, which binds a subset of Fe-S apo-client proteins and facilitates cluster transfer especially
under oxidative stress conditions (Py et al., 2012; Angelini et al., 2008; Boutigny et al., 2013).
Likewise, the Azobacter NfuA is reported to be critical under oxidative growth conditions
(Bandyopadhyay et al., 2008). In the case of E. coli, NfuA cluster transfer is likely mediated directly
by NfuA (Py et al., 2012). Bol3 likely functions with Nfu1 in cluster transfer, but its mechanism
remains nebulous. Clearly, interaction studies separate Bol1 and Bol3 into two distinct classes, with
Bol3 working with Nfu1 in [4Fe-4S] client binding and Bol1 working with Grx5, which has one known
function upstream of the ISA complex (Uzarska et al., 2013; Kim et al., 2010; Banci et al., 2014).
However, cells lacking both mitochondrial BolA proteins show a synthetic defect. The Bol3 protein
may facilitate [4Fe-4S] cluster dissociation from either the ISA complex or Nfu1 in [4Fe-4S] cluster
transfer. Additional work will be required to discern their mechanisms.
Materials and methods
Yeast strains and plasmids
BY4741 strains were used unless indicated otherwise. Deletion strains were generated by homolo-
gous recombination and confirmed by PCR analyses of loci as described earlier (Longtine et al.,
1998). Plasmids used in this study were constructed using general subcloning techniques. For muta-
genesis or adding epitope tags, Phusion DNA Polymerases (Thermo Fisher Scientific, Waltham, MA)





were used. All plasmid-borne genes were expressed under the MET25 promoter and the CYC1 ter-
minator unless indicated otherwise.
Strep-tag affinity purification
Affinity purifications of Strep-tagged proteins were conducted using Strep-Tactin superflow beads
(Qiagen, Germany) following the manufacturer’s instruction with slight changes. Briefly, isolated
mitochondria were solubilized with 0.1% n-dodecyl maltoside (DDM) in the lysis buffer, 50 mM
NaH2PO4 (pH 8.0), 300 mM NaCl and 1x protease inhibitor (cOmplete mini, Roche, Switzerland), for
30 min on ice. After clarification of solubilized mitochondria by high-speed centrifugation,
the supernatants were incubated with Strep-Tactin superflow beads for 16 hr at 4˚C. The beads
were washed five times with the lysis buffer. Strep-tagged proteins bound to the beads were eluted
with 2.5 mM dethiobiotin in the lysis buffer, which were subjected to mass spectrometry analyses or
immunoblotting.
Enzymatic activity assay
Activity assays for aconitase, succinate dehydrogenase (SDH), cytochrome bc1 complex and cyto-
chrome c oxidase were performed as described previously (Atkinson et al., 2011; Na et al., 2014).
Aconitase activity was determined by measuring the initial rate of conversion of 100 mM cis-aconi-
tate to isocitrate in 50 mM Tris (pH 7.4) at 240 nm. Soluble fractions of mitochondria were obtained
by repetitive freeze-thaw. SDH activity was measured by quinone-mediated reduction of dichloro-
phenolindophenol (DCPIP) upon succinate oxidation at 600 nm. For cytochrome bc1 complex activ-
ity, the reduction rate of cytochrome c was measured upon the oxidation of reduced decylubiquinol
at 550 nm. Cytochrome c oxidase activity was determined by measuring the initial rate of oxidation
of cytochrome c oxidation (Pierrel et al., 2007). Dihydroxy acid dehydratase (Ilv3) catalytic activity
was assayed using an end point assay measuring 2,4-dinitophenylhydrazine (DNPH) as a proton
acceptor as described previously (Limberg et al., 1995). Purified mitochondria (30 mg) were lysed by
sonication in assay buffer (20 mM KPO4 and 10 mM MgCl2), spun at 20,000 g for 15 min, before
incubation with 100 mM dihydroxyisovalerate for 10 min in a total volume of 1 ml. The reaction was
quenched with 100 ml of 50% TCA. Next 200 ml of DNPH (saturated in 2 N HCl) was added for 15
min when 500 ml of 2.5N NaOH was added to quench the reaction. The absorbance was measured
at 540nm by a UV-VIS spectrophotometer.
Mass spectrometry analysis
The purified Strep-tagged protein complexes were reduced, alkylated and digested as described
(Kaiser and Wohlschlegel, 2005; Wohlschlegel, 2009). The digested peptide mixture was desalted
using C18-packed pipette tips (Thermo Fisher Scientific) and fractionated online using a 75 mM inner
diameter fritted fused silica capillary column with a 5 mM pulled electrospray tip and packed in-house
with 15 cm of Luna C18 (2) 3 mM reversed phase particles. The gradient was delivered via an easy-
nLC 1000 ultra high-pressure liquid chromatography (UHPLC) system (Thermo Fisher Scientific). MS/
MS spectra were collected on a Q-Exactive mass spectrometer (Thermo Fisher Scientific)
(Kelstrup et al., 2012; Michalski et al., 2011). Data analysis was carried out using the ProLuCID and
DTASelect2 implemented in the Integrated Proteomics Pipeline - IP2 (Integrated Proteomics Appli-
cations, Inc., San Diego, CA) (Cociorva et al., 2007; Tabb et al., 2002; Xu et al., 2006). Protein and
peptide identifications were filtered using DTASelect and required at least two unique peptides per
protein with a peptide-level false positive rate of 5% as estimated by a decoy database strategy
(Elias and Gygi, 2007). Normalized spectral abundance factor (NSAF) values were calculated as
described (Florens et al., 2006) and multiplied by a factor of 105 for readability.
Size exclusion chromatography
Purified mitochondria (1.5 mg) were lysed by sonication in 50 mM NaPO4 150 mM NaCl (pH 7.0)
buffer. Lysates were precleared and filtered prior being applied to a HiLoad Superdex 75 PG 16/600
column (GE Healthcare Life Sciences, United Kingdom) with a flow rate of 1 mL/Min. Fractions of
1.33 mL were collected, TCA precipitated and analyzed by immunoblotting.






Affinity measurements using microscale thermophoresis (MST)
For MicroScale Thermophoresis the proteins were fluorescently labeled using the Monolith NT Pro-
tein Labeling Kit RED with NT-647 dye as recommended by the supplier (NanoTemper
Technologies, Germany). The fluorescently labelled protein (200 nM) was titrated with serial dilutions
of unlabeled protein (from 200 mM to 6.1 nM) in buffer containing 50 mM KPi, pH 7.4, 150 mM
NaCl, 5% glycerol, 0.05 mg/mL BSA, and 0.05% Tween20. Thermophoresis assays were performed
using Monolith NT.115 at 21˚C (LED power – between 40% and 60%, IR laser power 75%) in stan-
dard capillaries under anaerobic conditions. At least three independent experiments were recorded
at 680 nm. The thermophoresis data were processed by Nano Temper Analysis 1.2.009 and Graph-
Pad Prism5 software to estimate the Kd values.
Chemical reconstitution of Fe-S clusters
Chemical reconstitution was done in a COY (Grass Lake, MI) anaerobic chamber using freshly dis-
solved stock solutions. Protein solutions were reduced with 5 mM DTT for 2–3 hr on ice in reconstitu-
tion buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5% glycerol). Reconstitution was started at room
temperature by the addition of a 2-3-fold excess of ferric ammonium citrate by inverting the tube.
After 5 min a 2-3-fold excess of lithium sulfide was added slowly. Reconstituted proteins were
desalted after 2 hr incubation on a PD-10 column equilibrated with reconstitution buffer. Incorpo-
ration of the Fe/S clusters into apoproteins was monitored by UV-Vis (V-550, Jasco Inc., Easton, MD)
and CD spectroscopy (J-815, Jasco Inc).
Miscellaneous procedures
Yeast mitochondria isolation was performed using the method of Glick and Pon (Glick and Pon,
1995). Standard procedures were performed for SDS-PAGE and immunoblotting. Anti-Sdh2 was
from the previous study (Kim et al., 2012). BN-PAGE was performed as described previously with
mitochondrial lysates in 1% digitonin solution (Schilke et al., 1999). Anti-Strep was purchased from
Qiagen. Antibodies against LA-conjugated proteins were from Calbiochem (San Diego, CA). Anti-
Myc and anti-HA were from Santa Cruz Biotechnology (Dallas, TX). Anti-Por1 was purchased from
Molecular Probes and anti-FLAG was from Sigma-Aldrich.(St. Louis, MO) Protein concentration was
determined by the Bradford assay.
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Figure 3—figure supplement 1. Yeast growth tests evaluating respiratory growth (Gly/Lac) of nfu1D + G>C cells following treatment with 5’-
Fluoroorotic acid (5-FOA) to show cells have not lost their mitochondrial DNA (rho-). 5-FOA was used to induce shedding of the pRS416 vector. Glu-
URA is SC media with 2% glucose lacking Uracil to show the successful loss of the pRS416 vector.
DOI: 10.7554/eLife.15991.006

































Figure 3—figure supplement 2. Affinity purification using Strep-Tactin to immobilize Strep tagged Nfu1 and the
Nfu1 AxxA variant expressed ectopically in the BY4743 background with a single copy of Lys4 chromosomally
tagged with GFP.
DOI: 10.7554/eLife.15991.007



















Figure 4—figure supplement 1. Yeast growth tests evaluating the viability of cells expressing mitochondrial Bol1 and Bol3 N-terminal ligands mutated
to lysine in the bol1/3D background.
DOI: 10.7554/eLife.15991.009
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Figure 5—figure supplement 1. Interaction studies of human BOLA proteins with GLRX5. (A) UV–visible absorption spectrum of apo-GLRX5 (black
line) and chemically reconstituted GLRX5 (dashed line). Reconstituted human GLRX5 (100 mM) showed absorption bands at 320 nm and 425 nm besides
Figure 5—figure supplement 1 continued on next page






Strep-tagged protein divided by the total number of spectral counts for that protein identified from all seven samples. Strep-tagged proteins were
expressed from low-copy plasmids in corresponding single deletion mutants. Samples were Strep-affinity purified as in Figure 3. Bol1m is the H93C
variant. Bol3m is the H101C variant. Nfu1m is the G/T>H variant. WT is wild-type BY4741 expressing an empty vector. All were fused with a C-terminal
Strep-tag. WT is BY4741 wild type harboring a low-copy empty plasmid. (C) Human GLRX5 or NFU1 were used in apo- and holo- form and mixed at
increasing concentrations with 200 nM fluorescently labelled BOLA1 or BOLA3. Microscale thermophoresis were performed and dissociation constants
(Kd) were determined. Error bars indicate the SD (n=3). (D) Strep-tag affinity purification of Nfu1-Strep in the presence of ectopically expressed Ilv3-
FLAG. (E) Affinity purification using Strep-Tactin agarose beads to purify Nfu1-Strep from an nfu1D background expressing either WT Aco1 or Aco1
AxxA mutant.
DOI: 10.7554/eLife.15991.010
The following source data is available for figure 5:
Source data 1. (Table 1) Spectral counts, unique peptides, and coverage of mitochondrial Fe-S client proteins, bait proteins, and Fe-S assembly
machinery identified by MS proteomics.
DOI: 10.7554/eLife.15991.011


























Figure 5—figure supplement 2. Ilv3 activity assay using wild-type and nfu1D purified mitochondria along with
wild-type overexpressing Ilv3 as a control.
DOI: 10.7554/eLife.15991.013






































Figure 6—figure supplement 1. SDS-PAGE followed by immunoblotting to evaluate the different steady state
levels of Nfu1-Strep, Bol1-Strep, and Bol3-Strep while being expressed under the same heterologous MET25
promoter and CYC1 terminator.
DOI: 10.7554/eLife.15991.015



















































Sdh2 0 0 0.0% 0 0 0.0% 13 10 27.8% 10 7 27.8% 7 6 17.7% 11 8 25.6% 0 0 0.0%
Lip5 0 0 0.0% 0 0 0.0% 3 3 9.9% 3 3 12.6% 9 8 26.6% 15 9 31.9% 0 0 0.0%
Bio2 0 0 0.0% 0 0 0.0% 2 2 7.5% 8 6 16.0% 4 4 13.3% 12 7 20.5% 0 0 0.0%
Aco1 7 7 10.7% 3 3 5.8% 21 16 28.3% 48 29 35.0% 48 27 32.1% 88 35 29.6% 2 2 4.1%
Lys4 0 0 0.0% 0 0 0.0% 2 2 4.3% 6 6 13.4% 0 0 0.0% 12 6 10.2% 0 0 0.0%
Aco2 0 0 0.0% 0 0 0.0% 0 0 0.0% 2 2 3.3% 3 3 4.7% 14 11 19.3% 0 0 0.0%
Ilv3 5 5 13.7% 0 0 0.0% 19 15 31.8% 55 33 48.2% 10 9 25.8% 33 20 30.4% 0 0 0.0%
Rip1 0 0 0.0% 0 0 0.0% 4 4 18.4% 0 0 0.0% 0 0 0.0% 0 0 0.0% 0 0 0.0%












































Bol1 30 13 82.7% 34 10 53.6% 0 0 0.0% 0 0 0.0% 0 0 0.0% 0 0 0.0% 0 0 0.0%
Bol3 0 0 0.0% 0 0 0.0% 53 17 58.5% 36 10 44.1% 0 0 0.0% 0 0 0.0% 0 0 0.0%
Nfu1 0 0 0.0% 0 0 0.0% 0 0 0.0% 4 4 14.5% 213 22 60.5% 152 20 50.0% 0 0 0.0%












































Grx5 16 10 52.0% 2 2 18.0% 7 4 30.7% 6 5 30.7% 3 3 28.0% 0 0 0.0% 0 0 0.0%
Isa2 0 0 0.0% 0 0 0.0% 0 0 0.0% 3 2 20.0% 0 0 0.0% 3 3 26.5% 0 0 0.0%
Nfs1 0 0 0.0% 2 2 5.0% 2 2 5.8% 4 4 14.1% 0 0 0.0% 3 3 10.5% 0 0 0.0%
Table 2












































1 16 10 52.0% 2 2 18.0% 7 4 30.7% 6 5 30.7% 3 3 28.0% 0 0 0.0% 0 0 0.0%
2 28 10 59.3% 31 9 52.0% 1 1 10.7% 7 6 42.7% 0 0 0.0% 0 0 0.0% 0 0 0.0%
1 7 7 10.7% 3 3 5.8% 21 16 28.3% 48 29 35.0% 48 27 32.1% 88 35 29.6% 2 2 4.1%
2 2 2 3.5% 13 6 11.1% 0 0 0.0% 15 8 16.4% 30 8 9.0% 31 11 16.8% 0 0 0.0%
1 0 0 0.0% 0 0 0.0% 3 3 9.9% 3 3 12.6% 9 8 26.6% 15 9 31.9% 0 0 0.0%
2 0 0 0.0% 0 0 0.0% 0 0 0.0% 0 0 0.0% 0 0 0.0% 3 2 12.6% 0 0 0.0%
1 18 10 38.3% 18 10 32.6% 10 6 20.7% 9 6 20.7% 10 7 28.0% 7 5 19.9% 0 0 0.0%




























IDENTIFICATION OF A NFU1 RECOGNITION  







Biology has evolved intricate pathways to synthesize the redox activate cofactors, 
iron-sulfur (Fe/S) clusters. Following the synthesis, dedicated systems have also arisen to 
safely transfer preformed Fe/S clusters from the assembly systems to client proteins, 
requiring these cofactors for their function within the cell. These client proteins are found 
throughout the cell, in the nucleus identifying DNA damage, in the cytosol assembling 
ribosomes and participating in the biosynthesis of various nucleotides, and in the 
mitochondria functioning in the TCA cycle, OXPHOS respiratory complexes, and 
various cofactor biogenesis pathways. Within the mitochondria, clients use three unique 
species of iron-sulfur cluster, [2Fe-2S], [3Fe-4S], and [4Fe-4S] clusters.  
The biogenesis of all cellular Fe/S clusters begins with the early steps of the 
mitochondrial iron-sulfur cluster biogenesis pathway (ISC), which generates a [2Fe-2S] 
cluster on the scaffold protein Isu1 (Gerber et al., 2003; Gerber et al., 2004; Muhlenhoff 
et al., 2003). This scaffold protein receives sulfane from the cysteine desulfurase protein 
Nfs1, reducing power from the [2Fe-2S] client protein ferredoxin to form sulfide anions, 
and ferrous iron from an undefined source (Kispal et al., 1999; Lange et al., 2000; Pandey 
et al., 2012; Webert et al., 2014). The initial preformed cluster is removed from the 
scaffold and transferred to the glutaredoxin protein, Grx5, by the Hsp70 chaperone, Ssq1, 
and the DnaJ protein, Jac1 (Kim et al., 2012b; Majewska et al., 2013; Uzarska et al., 
2013). From Grx5, [2Fe-2S] clusters can be transferred to client proteins or to the [4Fe-
4S] cluster biosynthetic ISA complex, on which two [2Fe-2S] clusters are condensed into 
a single [4Fe-4S] cluster (Banci et al., 2014; Brancaccio et al., 2014). Nfu1 subsequently 
removes the [4Fe-4S] cluster from the ISA complex and transfers it to client proteins with 
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the help of the BolA family member, Bol3 (Melber et al., 2016). Additionally, the Grx5 
cluster plays a role in the export of a substrate required for the formation of Fe/S clusters 
in the cytosol (Rodriguez-Manzaneque et al., 2002).  
Client proteins coordinate these various clusters primarily with four (sometimes 
fewer) cysteinyl or histidyl ligands. These coordinating environments are so similar that 
it has been observed that some iron centers bind the wrong cluster (Collins and Zhou, 
2011). If the ability for a client to bind a cluster does not restrict the client from having 
the incorrect Fe/S cluster from associating, how do the various Fe/S cluster transfer 
systems identify the proper client protein? We recently reported that Nfu1 acts as the 
transfer protein for mitochondrial [4Fe-4S] clusters by transferring the cluster from the 
ISA complex to client proteins (Melber et al., 2016). In that study, we demonstrated that 
removing the ability of the client protein Aco1 to bind a [4Fe-4S] cluster had no bearing 
on the ability of Nfu1 to recognize the client and associate with the client. Here we 
sought to establish a common feature that Nfu1 utilizes to recognize all of the 
mitochondrial [4Fe-4S] cluster client proteins. 
 
4.2 Results 
4.2.1 Identification of a [4Fe-4S] cluster recognition motif  
We previously reported that mutation of the Fe/S cluster binding cysteine ligands 
on yeast Aco1 did not affect the interaction with the late stage [4Fe-4S] cluster transfer 
protein Nfu1 (Melber et al., 2016). Given this, we postulated that a common interaction 
motif existed that was important for the Fe/S cluster transfer protein Nfu1 to identify 
[4Fe-4S] cluster clients. To address this prediction, we sought to identify a primary 
		 	 	
68	
sequence motif by assuming a motif would be conserved between [4Fe-4S] cluster client 
proteins and between species. Based on this assumption, we assembled a list of the 
known [4Fe-4S] cluster mitochondrial proteins from yeast (S.c.), fruit fly (D.m.), and 
human (H.s.), which have been identified in yeast studies as dependent on Nfu1 for 
cluster transfer. In the absence of higher a eukaryotic homologue, the S. pombe (S.p.) 
homologue was used to increase the number of sequences compared. This list included 
Sdh2, the Fe/S containing subunit of the respiratory complex II, succinate dehydrogenase, 
lipoate synthase, and mitochondrial aconitase from S.c., D.m., and H.s.. Additionally, 
biotin synthase, Aco2 and Lys4, both hydratases in lysine biosynthesis from S.c. and S.p. 
were used. Since our initial studies demonstrating the interaction of Nfu1 with [4Fe-4S] 
cluster client proteins were performed in S. cerevisiae that lacks respiratory Complex I, 
the CI subunits containing [4Fe-4S] clusters were not included in our motif search. Using 
the web based motif search (http://motifsearch.com), a candidate 12-residue motif was 
identified, TIMNMGRECGAG (Dinh et al., 2012). It is worth noting that when 
mitochondrial [2Fe-2S] cluster client proteins are included in the list of [4Fe-4S] cluster 
client proteins in the motif search, this motif was still identified in [4Fe-4S] clients, but 
not in any [2Fe-2S] client proteins. Within the candidate 12-residue motif, a set of five 
residues were most strongly conserved TIMNM (Figure 4.1A). Moving forward, we 
centered our analysis on the 5-mer starting with an invariant threonine, followed by a 
isoluecine or valine, followed by three residues that generally are methionine or cysteine, 
asparagine, and methionine or cysteine.  
Further analysis of this potential motif utilized the 12 flanking residues upstream 
and downstream of the 5-mer, resulting in a 29-residue segment, which we analyzed as 
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the potential recognition motif. We compared the sequence similarity of the 29-residue 
segment between yeast and human, and fly and human clients, to the sequence similarity 
of the entire proteins without the inclusion of mitochondrial targeting sequences (MTS) 
(Figure 4.1B). This suggests that the motif was a selectively conserved region of each 
client protein through evolution.  
No consistent primary sequence spacing appears to exist between Fe/S cluster 
ligands and the candidate motif. In the case of Sdh2, the motif is juxtaposed to the [4Fe-
4S] cluster ligands with the closest ligand just four residues downstream of the motif 
(Figure 4.1C and 4.1D). In contrast, the Aco1 motif is over 100 residues upstream of the 
first ligand. Despite the distance variation between the motif and Fe/S ligands in the 
primary sequence of aconitase, the motif lies as close as 5.4 angstroms away from the 
cluster in the cluster bound tertiary structure of aconitase (Figure 4.1E). These 
observations led us to test the role of the TIMNM motif for Nfu1-mediated transfer of 
[4Fe-4S] clusters to mitochondrial client proteins.  
 
4.2.2 Heterologous protein can bind Nfu1 with the addition of the TIMNM motif 
 To test the sufficiency of this potential motif to direct Nfu1 to the correct [4Fe-
4S] clients, we appended segments of the Aco1 candidate motif to the C-terminal end of a 
soluble of Rip1 (the transmembrane domain, residues 33-85, is deleted), Rip1 a [2Fe-2S] 
cluster client protein that we have demonstrated previously does not interact with Nfu1 
(Melber et al., 2016). The chimeras were generated with two glycine linkers on either 
side of the motif with a single Myc tag appended to the C-terminus downstream of the 
second glycine linker (Figure 4.2A). A series of chimeras were generated by cloning 13 
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residue segments from Aco1 surrounding the central five amino acid motif. An additional 
chimera using C-terminal 13-residues of Aco1 was used as a negative control along with 
a construct containing only sRip1-Myc (No Motif, NM) and a construct with just TICNM 
(5-mer) residues.  
 Expression of the chimeras resulted in mitochondrial localization of each protein, 
although steady-state stability of the chimeras varied significantly (Figure 4.2B). This 
may be expected considering the long unstructured segments appended to the C-terminus 
of the sRip1. The chimeras were expressed in nfu1∆ cells harboring Nfu1-Strep enabling 
Strep-tactin affinity purification of Nfu1. Despite the various stabilities, two of the eight 
constructs co-purified with Nfu1-Strep during purification (Figure  4.2B). The first 
construct purified was the 12T chimera that contained only the invariant threonine of the 
motif along with the 12-residues upstream. The other chimera purified by Nfu1-Strep was 
the M8 chimera that included the entire 5-residue motif along with the 8-residues 
downstream. This suggests the importance of the TIMNM motif, but also reflects the 
importance of the residues flanking the central 5-mer both up and downstream.  
 
4.2.3 Aconitase function diminishes with mutations to the TIMNM motif 
 Since appending the Aco1 candidate motif to a heterologous protein was 
sufficient to produce an interaction with Nfu1, we sought to investigate if mutations to 
the motif would compromise Aco1 function and interaction with Nfu1. The motif in 
Aco1 is conserved through evolution from yeast to human and in the related 
mitochondrial [4Fe-4S] hydrotases Aco2 and Lys that function in lysine biosynthesis 
(Fazius et al., 2012) (Figure 4.3A). The motifs for each of these three clients reside 
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internally in the tertiary folds of the hydrolases, so alanine substitutions were engineered 
in attempt to minimize any structural changes in the proteins. A series of mutations 
generated to an ectopically expressed Aco1-Flag, these include: TI>AA, N>A, 
TIN>AAA, and CNM>ANA (Figure 4.3B). Aconitase is an excellent molecule with 
which to preform these experiments, since the protein is stable without its [4Fe-4S] 
cluster (Robbins and Stout, 1989). 
 Cells devoid of their endogenous Aco1 (aco1Δ) were transformed with either 
wild-type or the motif variants, and mitochondria were purified from these cells. 
Quantitation of the aconitase activity in mitochondria isolated from these cultures 
revealed that each Aco1 variant exhibited an attenuation of enzymatic activity. The 
TI>AA, N>A, and TIN>AAA variants showed near complete loss of activity, and the 
CNM>ANA variant retained limited activity relative to the wild-type enzyme (Figure 
4.3C). This suggests the necessity of the TICNM motif of aconitase for function, albeit 
this does not mean that these amino acids are necessarily important for Nfu1 mediated 
cluster transfer.  
 To examine if the defect in aconitase activity was due to a loss of interaction with 
Nfu1, the Aco1-Flag variants were expressed in nfu1Δ cells harboring the Nfu1-Strep 
chimera. Mitochondria purified from these cells were used for Strep-Tactin affinity 
purification of Nfu1-Strep. As expected, the wild-type Aco1-Flag co-purified with Nfu1-
Strep, and all of the Aco1 variants co-purified to a lesser extent than the wild-type 
construct (Figure 4.3D). These data, along with the experiments in Figure 2B, show a 
necessity and sufficiency for the TICNM motif of aconitase to facilitate interaction with 
Nfu1 for proper cluster transfer. 
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4.2.4 Sdh2 stability is reduced by mutations in the TIMNM motif 
 We also tested the necessity of the TIMNM motif for the function of Sdh2. Sdh2 
is the Fe/S containing subunit of respiratory complex II, succinate dehydrogenase (SDH). 
It contains three unique clusters, a [3Fe-4Fe], a [4Fe-4S], and a [2Fe-2S] cluster, that are 
all required to transfer the electron released from the catalytic subunit, Sdh1, to the 
ubiquinone binding site at the matrix side surface of the inner mitochondrial membrane. 
To test the importance of the TIMNC motif for Sdh2 function, three different mutants, 
TI>AA, MNC>ANA, and N>A, were generated to an exogenous Sdh2 protein with six 
repeated histidine residues and two c-myc tags appended to the C-terminus (Figure 4.4A).  
 SDH function is required for yeast to grow on nonfermentable media, so we first 
tested the ability of these mutants to grow on media with glycerol/lactate (G/L) or acetate 
as the carbon source. The MNC>ANA mutant was unable to grow on media with either 
nonfermentable carbon source. The TI>AA mutant struggled to survive on acetate 
containing media, but grew similar to cells containing a wild-type copy of Sdh2 on G/L. 
Interestingly, when the superoxide generator, paraquat is added to the G/L containing 
media, TI>AA fails to thrive (Figure 4.4B). The ability of yeast to grow on G/L, but not 
with the addition of paraquat or with acetate as the carbon source, is very similar to the 
growth phenotype of yeast lacking Nfu1 (Melber et al., 2016). This suggests the TI>AA 
mutant is not interacting with Nfu1, and Sdh2 maturation is being disrupted. 
Unfortunately, the MNC>ANA mutant’s stability is likely compromised beyond just the 
loss of interaction with Nfu1 and is not informative for these studies.  
 It is known that the structural stability of Sdh2 is compromised when any one of 
the three clusters in not successfully inserted into the protein (Na et al., 2014). This can 
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easily be observed by SDS-PAGE western blot analysis. Each of the three mutants 
displayed reduced protein levels compared to the wild-type protein (Figure 4.4C). 
Notably, the MNC>ANA was completely destabilized, consistent with the suggestion 
from the growth assay that the mutant is more severely compromised than just losing 
interaction with Nfu1. In order to more rigorously test the function of SDH, activity was 
measured using an activity assay that probes the ability of mitochondria to reduce 
ubiquinone to ubiquinol, which requires successful electron transfer through the Fe/S 
cofactors of Sdh2. Not surprisingly, the TI>AA and MNC>ANA mutants saw significant 
reductions in SDH activity. Interestingly, the N>A mutant’s activity was about 30%of 
wild-type (Figure 4.4D). It is known that yeast does not exhibit a growth defect until the 
activity of SDH is comprised beyond roughly 25% of wild-type.  
 Lastly, we evaluated the interaction of the TI>AA and N>A mutants with Nfu1. 
The MNC>ANA mutant was not evaluated since there was no detectable steady state 
protein. As before with the Aco1 motif mutants, we transformed nfu1Δ + Nfu1-Strep 
cells with the Sdh2 mutants and purified mitochondria. The purified mitochondria were 
lysed and incubated with Strep-Tactin beads to purify Nfu1-Strep. The elutes were 
analyzed with SDS-PAGE western blots to evaluate the amount of mutant Sdh2 that co-
purified by probing with Sdh2 antibody, since a 6xHis/2xMyc provides a significant size 
shift to distinguish the exogenous mutant Sdh2 from the wild-type endogenous Sdh2. 
Both mutants saw a significant loss of co-purification with Nfu1-Strep (Figure 4.4E). 
These data show the importance of the Sdh2 motif TIMNC for the function through the 





The role of a recognition motif for [4Fe-4S] cluster transfer is likely important for 
Nfu1 to properly identify clients of only [4Fe-4S] clusters and to prevent transfer to 
inappropriate client proteins. However, major questions remain around the Nfu1 client 
interaction. The central five amino acids, TIMNM, were initially found computationally; 
however, during the chimera experiments appending the Aco1 motif to sRip1, we 
observed that amino acid sequences on the fringe of this motif had a strong propensity to 
bind Nfu1. Given that the complete primary sequence of the motif is still unresolved, it is 
not surprising that we cannot predict how the motif is structured. We do get a hint from 
the holo-protein structures, since all of the motifs have a helical fold to them (Figure 
4.1D and 4.1E). Given the helical propensity, we projected the sequences on a helical 
wheel, which revealed a nonpolar face on about a third of the helix, flanked on each side 
of the face by one or two polar residues, normally, a threonine or serine. This might be 
misleading if the entire motif is not folded as a helix in the holo-protein structures. 
Structural studies will be needed to determine how Nfu1 binds the motif. These studies 
should define the complete length of the motif and identify the most important residues of 
the motif.  
Additional questions exist about the interplay of the client motif with holo- and an 
apo-Nfu1 would also be answered with structural studies. It will be interesting to discern 
whether the motif can change the conformer of the stable Nfu1 cluster loaded dimer to 
produce release and transfer. Furthermore, the highly conserved asparagine is particularly 
interesting, since asparagine can act as a ligand to a cluster and thus may disrupt the 
existing ligand environment of the Nfu1 dimer to induce release (Berkovitch et al., 2004). 
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All of these questions about how the motif and Nfu1 interacts are currently being 
evaluated by collaborative NMR studies.  
Other Fe/S cluster recognition motifs have been suggested for the [2Fe-2S] cluster 
clients in the mitochondria, with the presence of LYR motifs on assembly factors Sdh2 
and Rip1 (Maio and Rouault, 2016). However, this motif does not exist in other yeast 
mitochondrial [2Fe-2S] cluster client proteins, like ferredoxin and biotin synthase, Bio2. 
We performed the same motif search approach on mitochondrial [2Fe-2S] client proteins 
as we did to identify the TIMNM motif of [4Fe-4S] client proteins, but did not identify 
any potential motifs that were inclusive of all [2Fe-2S] clients.   
We have not explored the cytosolic Fe/S centers for potential delivery motifs.  
The cytosolic Fe/S assembly (CIA) pathway ends with the CIA targeting complex of 
MMS19, Cia1, and Cia2 performing transfer to client proteins (Gari et al., 2012; Stehling 
et al., 2012; van Wietmarschen et al., 2012). Clients interact with this system either 
directly, or in the case of the ribosome assembly factor Ril1, interaction is mediated 
through the adaptor proteins Lto1 and Yae1 that coordinate this interaction by a c-
terminal tryptophan (Paul et al., 2015). Some groups have taken an opposite approach to 
understanding client interaction with transfer systems in the CIA by defining that 
importance of the c-terminus of MMS19 for most client protein binding (Odermatt and 
Gari, 2017). Similar approaches maybe necessary to define how Nfu1 recognizes the 






4.4 Materials and methods 
W303 strains were used for all of the experiments. Deletion strains of NFU1 and 
SDH2 and the corresponding tagged expression constructs were all previously described 
(Melber et al., 2016; Na et al., 2014). John D Philips and Betty Liebold generously 
provided the deletion strain of ACO1, and Jerry Kaplan provided the Aco1-Flag 
construct. Chimeric sRip constructs were made using homologous recombination in yeast 
(Ma et al., 1987). Mutations were made using Phusion DNA Polymerase from Thermo 
Fischer Scientific.  
Strep-Tactin affinity purifications and enzymatic activity assays of succinate 
dehydrogenase (SDH) and aconitase were performed using purified mitochondrial as 
described previously (Melber et al., 2016; Na et al., 2014). Mitochondrial were purified 
from yeast using the differential centrifugation method of Glick and Pon (Glick and Pon, 
1995). Proteins were analyzed by SDS-PAGE and immunoblotting using standard 
procedures. The primary antibodies to yeast Sdh1 and Sdh2 were previously described 
(Kim et al., 2012a). The commercial primary antibodies used were Anti-Por1, Anti-Strep, 
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Figure 4.1 Computational identification of the [4Fe-4S] client recognition motif.  
A) LOGO plot of the TIMNM 5-mer flanked on each side by 12-residues. This was 
plotted using the motifs of Sdh2, aconitase, and lipoate synthase from S.c., D.m. and H.s., 
Aco2 and Lys4 from S.c. and S.p. B) Protein similarities without the MTS or the 29 
amino acid region around the TIMNM motif for Aconitase, Sdh2/B, and LIAS. C) 
Protein alignment from the species used in A, in green, are the common residues to the 
TIMNM motif and in red are [4Fe-4S] cluster ligands. D) Structure of holo-SDH 
complex zoomed in on the three Fe/S clusters (yellow is sulfur/orange is iron), the motif 
is in red with Sdh2 in blue and Sdh1 in green. PDB ID: 1Z0Y, Porcine Heart.  E) 
Structure of holo-aconitase zoomed in on the [4Fe-4S] cluster and the motif in red. PDB 











Figure 4.2 TIMNM motif creates interaction of Nfu1 with heterologous protein.  
A) Construct design using the sRip1 protein (Rip1, Reiske Fe/S protein from complex III 
with the transmembrane domain removed) with 13-residue segments around the TICNM 
motif of yeast aconitase, Aco1, attached to the c-terminus along with a c-Myc tag. B) 
Western blot analysis of a Strep-Tactin affinity purification of the sRip1-TICMM 









Figure 4.3 Mutation of the Aco1 TICNM motif compromises protein function and 
Nfu1 interaction. A) Clustal omega alignment of aconitase protein from E. coli, S.c., 
D.m., and H.s., along with the S.c. sequences of the lysine biosynthesis enzymes, Aco2 
and Lys4. B) The mutations made to yeast Aco1. C) Aconitase enzymatic activities of 
mitochondria purified from aco1Δ cells express the Aco1-Flag as wild-type (WT) or with 
the TICNM mutations or an empty vector (EV). D) Strep-Tactin affinity purification of 






Figure 4.4 Sdh2 TIMNC motif mutants have decreased stability, function, and 
interaction with Nfu1.  A) Growth assay drop test on sdh2Δ cells expressing Sdh2-
6xHIS-2xMyc (6H/2M) with various TIMNC motif mutants. B) List of the various 
TIMNC motif mutations made to Sdh2-6H/2M.  C) SDS-PAGE, western blot analysis of 
sdh2Δ cells expressing Sdh2-6xHIS-2xMyc (6H/2M) with various TIMNC motif mutants 
to evaluate the steady-state protein stability of the mutants. D) SDH complex activity by 
measurements of the TIMNC mutants expressed in sdh2Δ cells. E) Strep-Tactin affinity 














Redox-active cofactors are essential to facilitate many cellular processes; as such, 
the successful transfer of these molecules from the de novo assembly pathways to client 
proteins is vitally important to the health of the organism. Transfer systems exist as the 
final step of all of the Fe/S cluster biogenesis pathways in biology. The bacterial 
biogenesis pathways, ISC, SUF, and NIF, all have independently developed transfer 
systems (Roche et al., 2013). The NIF pathway’s transfer unit is the NifU domain that 
was appended directly to the scaffolding domain for cluster biosynthesis.  In eukaryotes, 
the same NifU domain is the C-terminal domain of the Nfu1. This dissertation is focused 
on the characterization of the Nfu1 and Bol3 mediated [4Fe-4S] cluster transfer in the 
mitochondria. In the process, these studies also revealed a novel component of [2Fe-2S] 
transfer in the mitochondria with the identification of the glutaredoxin, Grx5, binding 
partner Bol1. 
Cofactor transfer is an important challenge for the OXPHOS respiratory 
complexes, which have intricate assembly processes to properly integrate a plethora of 
subunits and cofactors. Complex I, NADH:ubiquinone oxidoreductase contains 44 
subunits and eight Fe/S cofactors. Complex II, succinate dehydrogenase (SDH), contains 
only four subunits, but coordinates a flavin, three different Fe/S clusters, and a heme. 
Complex III, cytochrome bc1, is a dimeric complex with each monomer containing eleven 
subunits with two heme cofactors and a [2Fe-2S] cluster. Complex IV, cytochrome 
oxidase, does not contain any Fe/S clusters but instead uses a dinuclear copper, a heme, 
and a heterobimetalic heme-copper center in the fourteen subunits. Most of the redox 
cofactors act to transfer electrons through the complex. Complexes I, III, and IV form a 
larger supercomplex known as the respirasome containing the dimeric complex III and a 
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single complex I and IV. The function and potential regulatory mechanisms of these 
complexes is defined in greater detail in Chapter 2. The intrinsic complexity of these 
complexes creates a challenge for the cell to coordinate the proper assembly of subunits 
with their respective cofactors. We sought to better understand the assembly process of 
SDH by identifying how it received Fe/S clusters. This led to the identification of Nfu1 as 
an interacting partner of an assembly intermediate of SDH and the subsequent 
characterization of Nfu1 as the [4Fe-4S] cluster transfer protein for the mitochondria. 
In Chapter 3, we describe in molecular detail the [4Fe-4S] cluster transfer process 
in eukaryotic mitochondria. The trimeric ISA complex facilitates the formation of [4Fe-
4S] clusters. The subunits Isa1 and Isa2 each receive an individual [2Fe-2S] cluster from 
the mitochondrial [2Fe-2S] cluster transfer protein, Grx5 (Banci et al., 2014). Isa1 and 
Isa2 condense their [2Fe-2S] clusters into a single [4Fe-4S] cluster with the help of 
Iba57, the third component of the trimer (Brancaccio et al., 2014). We demonstrated the 
interaction of Nfu1 with these subunits and with all of the mitochondrial [4Fe-4S] client 
proteins known in yeast.  
These studies were also motivated by the identification of several patient 
mutations in the NFU1 coding sequence. These patients were described to have defects in 
multiple mitochondria enzymes including in the OXPHOS respiratory complexes and 
enzymes requiring lipoic acid (Cameron et al., 2011; Navarro-Sastre et al., 2011). 
Eventually, these patients were classified in a broader group with Multiple Mitochondrial 
Dysfunctions Syndrome (MMDS). When we started our studies, only a few mutations 
were defined as causative for MMDS and most were frameshift mutants or splicing 
defects that caused significant reduction in overall Nfu1 protein levels. At the time, the 
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only coding point mutant of MMDS that did not result in a loss of protein was a glycine 
mutated to a cysteine just two residues upstream of the CxxC motif, this mutation is 
Gly208C. Given the juxtaposition to the CxxC motif and the protein stability, we made 
the same mutation in yeast (Gly194C). This ended up being a fruitful mutation from the 
discovery standpoint as it was a dominant negative mutant that stalled the Nfu1 
interaction with client proteins.  
At the same time these initial Nfu1 patients were characterized, some patients that 
presented similarly were determined to have causative mutations in the BOLA3 gene 
(Cameron et al., 2011). Given the similar presentation of patients with mutations in 
NFU1 and BOLA3, we pursed studies of the yeast mitochondrial BolA proteins, Bol1 
and Bol3. In the interaction studies that determined Nfu1 interacted with [4Fe-4S] client 
proteins, it was determined that Bol3 also interacted with the same [4Fe-4S] client 
proteins. This suggested that Nfu1 and Bol3 could function in a synergistic fashion. 
Follow-up genetic studies further elaborated that Bol3 functioned through Nfu1; 
however, the mechanistic function of Bol3 has remained elusive. The initial identification 
of BolA3 in patients with a Fe/S cluster biogenesis defect came with the suggestion that it 
functioned with the glutaredoxin Grx5. Grx5 is thought to be the protein responsible for 
the transfer of [2Fe-2S] clusters. Glutaredoxins and BolA proteins have been described to 
form a heterodimer bridged by a [2Fe-2S] cluster that performs cluster transfer in the 
cytosol and in bacteria (Johansson et al., 2011). As we redefined Bol3 as a functional 
partner of Nfu1, we found that Grx5 interacted the other mitochondria BolA protein 
Bol1.  
During the course of our studies, more MMDS patients were identified with novel 
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mutations in Nfu1 and BolA3, along with mutations in the ISA complex subunits Isa2 
and Iba57 (Ahting et al., 2015; Ajit Bolar et al., 2013; Al-Hassnan et al., 2015; Lossos et 
al., 2015; Torraco et al., 2017). Many of the newly identified causative mutations were 
point mutations that did not completely abrogate protein stability. One of these mutations 
was to the CxxC motif responsible for binding the [4Fe-4S] cluster from the ISA 
complex. Other novel patient mutations to NFU1 are changes to the amino acids 
conserved throughout eukaryotes, but do not have defined roles in the protein function of 
Nfu1. These mutations could be potential hints to binding interfaces on Nfu1 and should 
be utilized in future studies. As we preformed the molecular studies in yeast that linked 
Nfu1 and Bol3 with [4Fe-4S] cluster biogenesis, the identification of patients with similar 
presentations caused by mutations in genes coding for ISA complex components added 
an independent layer of confidence in our results. 
The need for dedicated Fe/S cluster transfer systems is for the protection of the 
performed cluster from endogenous oxidants as it moves from the scaffold proteins to 
client proteins. Fe/S clusters’ redox active nature that allows them to accept or donate an 
extra electron also makes them very susceptible to oxidative damage that destroys the 
cluster and releases free iron(II). Unbound iron(II) can act in a feed forward mechanism 
through Fenton chemistry that oxidizes hydrogen peroxide to superoxide anions (Imlay, 
2006). Those superoxide anions can then react with other Fe/S clusters and propagate 
oxidative damage (Gomez et al., 2014). The importance of transfer proteins to protect the 
performed clusters is evident by experiments in Chapter 3 that showed cells grown in 
anaerobic conditions do not need the transfer protein Nfu1. This is further illustrated by 
the lack of the BolA transfer proteins in anaerobic bacteria (Willems et al., 2013).  
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The other significance of the transfer systems for preformed clusters from the 
scaffolding proteins is for proper cofactor delivery. The ligand coordination 
environments of many [2Fe-2S], [3Fe-4S], and [4Fe-4S] clusters are very similar (Collins 
and Zhou, 2011). In several cases when the biosynthetic pathway for one cluster is 
blocked, clients have still been able to bind other iron cofactors. These clients bound to 
incorrect cofactors do not retain activity, so these events are not beneficial for the 
organism. To avoid this problem, transfer proteins must recognize intrinsic characteristics 
of the clients independent of protein’s ability to bind the cofactor.  
In the cytosol, the cytosolic iron sulfur cluster assembly (CIA) assembles [4Fe-
4S] clusters with the use of a sulfide containing substrate from the mitochondrial ISC 
pathway and transfers the performed clusters to clients the through CIA targeting 
complex consisting of Mms19, Cia1, and Cia2 (Gari et al., 2012; Stehling et al., 2012). In 
some cases, client proteins receive clusters through direct interaction with the targeting 
complex, and in other cases, adapter proteins are necessary to mediate client interaction 
with the targeting complex. A single C-terminal tryptophan on the adapter proteins Yae1 
and Lto1 has been identified to be important for their binding to the CIA targeting 
complex (Paul et al., 2015). The authors went on to indicate that a C-terminal tryptophan 
is important for many clients’ direct association to the targeting complex.   
The nature of a [2Fe-2S] recognition motif in any system has not yet to been 
resolved. Several [2Fe-2S] cluster proteins in the mitochondria have LYR (leucine, 
tyrosine, arginine) proteins that act as assembly factors (SDH and Cytochrome bc1) and 
have led some to suggest that this acts as a [2Fe-2S] cluster recognition motif (Maio and 
Rouault, 2016). This is unlikely since several LYR proteins assemble complexes that do 
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not bind [2Fe-2S] clusters (ATP synthase) and not all [2Fe-2S] clients in the 
mitochondria have a known LYR motif or interacting LYR protein (ferredoxin and biotin 
synthase). In Chapter 4, we revealed the mitochondrial [4Fe-4S] cluster transfer protein 
Nfu1 recognizes clients by a TIMNM motif that was identified due to its conservation 
between all [4Fe-4S] clients in the mitochondria throughout eukaryotes. Currently, NMR 
studies are evaluating the motif-Nfu1 interaction to characterize the Nfu1 binding 
interface that recognizes the motif and to define any potential structural changes that are 
induced by the motif binding to Nfu1. These structural changes may be indicative of a 
mechanism for [4Fe-4S] cluster release from Nfu1 during transfer.  
 The completion of this dissertation has revealed the function of the Nfu1 as the 
mitochondrial [4Fe-4S] cluster transfer protein and Bol3 as an adapter protein that assists 
in this process. Additionally, these studies identified Bol1 as an interacting partner with 
Grx5 the [2Fe-2S] cluster transfer protein. Studies to integrate our known SDH assembly 
factors like Sdh6 and Sdh7, Sdh2 (the Fe/S containing subunit) specific assembly factors, 
with Fe/S cluster transfer systems are underway. Nfu1 has not been studied in the context 
of complex I cofactor delivery since the Nfu1 studies were done in yeast, where complex 
I is not present. One of complex I’s known assembly factors is Ind1 that has been 
implicated in the insertion of Fe/S clusters. Whether any interplay of this assembly factor 
with Nfu1 exists to facilitate Fe/S transfer has not yet been studied. Additional studies 
have been spurred from this work surrounding the mitochondrial the BolA proteins. 
Collaborators are currently pursuing deeper mechanistic studies seeking to understand the 
function the BolA proteins. Bol1 was shown to function with Grx5 in Fe/S cluster 
biogenesis and Bol3 with Nfu1 in [4Fe-4S] cluster transfer, but the mechanistic function 
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